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Nearly a decade has passed since the fourth in a series of studies called
Biological Effects of Ionizing Radiation (BEIR) assessed the risks posed by
exposure to radon and other alpha emitters in 1988.  Radon, a gas emitted into
homes from the soil, from water and from building materials, becomes trapped in
homes.  Its radioactive daughters, the progeny of radioactive decay, are inhaled
into human lungs, where further decay results in the exposure of lung cells to
densely ionizing alpha particles.  On the basis of considerable experience gained
by studying health effects in uranium and other miners who worked in radon-rich
environments, the radioactive radon progeny were identified as a cause of lung
cancer.  It has not been clear whether radon poses a similar risk of causing lung
cancer in men, women, and children exposed at generally lower levels found in
homes, but homeowners are concerned about this potential risk, and the Environ-
mental Protection Agency (EPA) suggests “action levels,” concentrations to
which citizens are encouraged to reduce their levels of exposure.

Motivated by the ubiquitous exposure of the general population to radon and
the continued concern about the risks of exposure to this natural radioactive
carcinogen, EPA sought the advice of the National Academy of Sciences and the
National Research Council in re-examining the approaches to assessing the lung-
cancer risk associated with radon concentrations in the domestic environment.
As requested by EPA, the National Research Council first conducted a scoping
study; in its 1994 report The Health Effects of Exposure to Radon: Time for
Reassessment?, the BEIR VI Phase I committee concluded that sufficient and
appropriate new evidence had become available since the 1989 BEIR IV report to
justify a new National Research Council BEIR VI study.  Consequently, the

Preface

vii
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viii PREFACE

BEIR VI committee, consisting of 13 scientists with the expertise required to
explore EPA’s charge, was formed in 1994 to reexamine the risk of health effects
posed by exposure to radon in homes.

The report that follows includes 4 chapters and 7 appendixes.  The chapters
provide the committee’s principal findings;  supporting analyses and other re-
lated evidence are presented in the appendixes.  After an introduction to the radon
problem in chapter 1, the biologic evidence on mechanisms of radon-related lung
cancer is reviewed in chapter 2, which summarizes information on issues identi-
fied by the committee as critical to assessing lung-cancer risk from radon expo-
sure.  Chapter 3 presents the committee’s risk models and 3 major risk projec-
tions, provides the rationale for the committee’s modeling decisions, describes
the committee’s preferred risk models and the projections of lung-cancer risk
resulting from their use, and addresses the issues related to uncertainty in the risk
projections.  Chapter 4 reviews the evidence on health effects other than lung
cancer that result from exposure to radon progeny.

The appendixes support the committee’s findings and should be consulted by
readers who want in-depth coverage of specific issues.  Appendix A is devoted to
previously used risk models, the committee’s methods and approach to risk mod-
eling, and the details of the uncertainty considerations and analyses.  Radon
dosimetry is discussed in appendix B, which updates a 1991 National Research
Council report on this subject.  The dominant cause of lung cancer in the United
States and many other countries is tobacco-smoking; appendix C provides addi-
tional information on the risks of lung cancer in relation to smoking and reviews
the available data on the combined effects of smoking and exposure to radon and
its progeny.

Appendixes D, E, and F address the information available from epidemio-
logic studies on underground miners.  Appendix D summarizes the characteris-
tics and designs of the miner studies.  Appendix E and its annexes review the
details of the exposures in individual miner studies and provide the proceedings
of a workshop on exposure estimation.  Appendix F addresses exposures to
agents other than radon—such as diesel exhaust, silica, and arsenic—which might
be relevant to estimating lung-cancer risk posed by radon.  The findings of
studies—principally ecologic or case-control epidemiologic studies conducted to
estimate directly the risk posed by radon exposure in homes—are described in
appendix G.  The findings of several individual studies and combined analyses of
the case-control studies are summarized.  Finally, a compilation of the literature
cited in the report and a glossary of technical terms used in the report follows
appendix G.
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contributions were important in the development of chapter 3 and appendix A.

Sixth, the committee is especially grateful to Rosalyn Yalow, an orginal
committee member whose health prohibited her from serving as a final author of
the study.  Dr. Yalow was especially effective in insuring that the committee not
overlook the influence of cigarette-smoking on the lung-cancer problem.

Seventh, this report has been reviewed by individuals chosen for their di-
verse perspectives and technical expertise, in accordance with procedures ap-
proved by the National Research Council’s Report Review Committee.  The
purpose of this independent review is to provide candid and critical comments
that will assist the authors and the National Research Council in making the
published report as sound as possible and to ensure that the report meets institu-
tional standards for objectivity, evidence, and responsiveness to the study charge.
The content of the review comments and draft manuscript remain confidential to
protect the integrity of the deliberative process.  We wish to thank the following
individuals for their participation in the review of this report:  Gregg Claycamp
(University of Pittsburgh School of Public Health), Merril Eisenbud (deceased),
Robert Forster (University of Pennsylvania School of Medicine), Naomi Harley
(New York University Medical Center), Werner Hofmann (University of
Salzburg), Maureen Henderson (University of Washington), Richard Hornung
(University of Cincinnati), Donald Mattison (University of Pittsburgh School of
Public Health), Suresh Moolgavkar (University of Washington), Lincoln Moses
(Stanford University), Louise Ryan (Harvard University School of Public Health),
and Duncan Thomas (University of Southern California).  Although the individu-
als listed above have provided many constructive comments and suggestions,
responsibility for the final content of this report rests solely with the authoring
committee and the National Research Council.

The committee appreciates the assistance of the Board on Radiation Effects
Research (BRER) staff who supported the committee’s work, especially Doris
Taylor for her assistance with meeting and travel arrangements and Amy Noel
O’Hara and Dennis Gleeson, Jr., for their attention to the details of manuscript
preparation.

The BEIR VI committee has faced many challenges in preparing this report.
Committee members are hopeful that the report will meet the needs of the EPA as
it considers risk management strategies for indoor radon and also will be infor-
mative to the public as homeowners make decisions about testing for radon and
lowering radon concentrations in their homes.

Jonathan Samet, M.D.
Chair, Committee on Health Effects of

Exposure to Radon, (BEIR VI)
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1

Radon is a naturally occurring gas that seeps out of rocks and soil.  Radon
comes from uranium that has been in the ground since the time the earth was
formed, and the rate of radon seepage is variable, partly because the amounts of
uranium in the soil vary considerably.  Radon flows from the soil into outdoor air
and also into the air in homes from the movement of gases in the soil beneath
homes.  Outside air typically contains very low levels of radon, but it builds up to
higher concentrations indoors when it is unable to disperse.  Some underground
mines, especially uranium mines, contain much higher levels of radon.

Although radon is chemically inert and electrically uncharged, it is radioac-
tive, which means that radon atoms in the air can spontaneously decay, or change
to other atoms.  When the resulting atoms, called radon progeny, are formed, they
are electrically charged and can attach themselves to tiny dust particles in indoor
air.  These dust particles can easily be inhaled into the lung and can adhere to the
lining of the lung.  The deposited atoms decay, or change, by emitting a type of
radiation called alpha radiation, which has the potential to damage cells in the
lung.  Alpha radiations can disrupt DNA of these lung cells.  This DNA damage
has the potential to be one step in a chain of events that can lead to cancer.  Alpha
radiations travel only extremely short distances in the body.  Thus, alpha radia-
tions from decay of radon progeny in the lungs cannot reach cells in any other
organs, so it is likely that lung cancer is the only potentially important cancer
hazard posed by radon in indoor air.

For a century, it has been known that some underground miners suffered
from higher rates of lung cancer than the general population.  In recent decades,
a growing body of evidence has causally linked their lung cancers to exposure to

Public Summary:
The Health Effects of

Exposure to Indoor Radon



Copyright © National Academy of Sciences. All rights reserved.

Health Effects of Exposure to Radon: BEIR VI
http://www.nap.edu/catalog/5499.html

2 HEALTH  EFFECTS OF EXPOSURE TO RADON

high levels of radon and also to cigarette-smoking.  The connection between
radon and lung cancer in miners has raised concern that radon in homes might be
causing lung cancer in the general population, although the radon levels in most
homes are much lower than in most mines.  The National Research Council
study, which has been carried out by the sixth Committee on Biological Effects of
Ionizing Radiation (BEIR VI), has used the most recent information available to
estimate the risks posed by exposure to radon in homes.

The most direct way to assess the risks posed by radon in homes is to
measure radon exposures among people who have lung cancer and compare them
with exposures among people who have not developed lung cancer.  Several such
studies have been completed, and several are under way.  The studies have not
produced a definitive answer, primarily because the risk is likely to be very small
at the low exposure encountered from most homes and because it is difficult to
estimate radon exposures that people have received over their lifetimes.  In addi-
tion, it is clear that far more lung cancers are caused by smoking than are caused
by radon.

Since a valid risk estimate could not be derived only from the results of
studies in homes, the BEIR VI committee chose to use the lung-cancer informa-
tion from studies of miners, who are more heavily exposed to radon, to estimate
the risks posed by radon exposures in homes.  In particular, the committee has
drawn on 11 major studies of underground miners, which together involved about
68,000 men, of whom 2,700 have died from lung cancer.  The committee statis-
tically analyzed the data to describe how risk of death from lung cancer depended
on exposure.  In this way, the committee derived two models for lung-cancer risk
from radon exposure.

In converting radon risks from mines to homes, the committee was faced
with several problems.  First, most miners received radon exposures that were, on
the average, many times larger than those of people in most homes; people in a
few homes actually receive radon exposures similar to those of some miners.  It
was necessary for the committee to estimate the risks posed by exposures to
radon in homes on the basis of observed lung-cancer deaths caused by higher
exposures in mines.  The committee agreed with several earlier groups of experts
that the risk of developing lung cancer increases linearly as the exposure in-
creases; for example, doubling the exposure doubles the risk, and halving the
exposure halves the risk.  Furthermore, the existing biologic evidence suggests
that any exposure, even very low, to radon might pose some risk.  However, from
the evidence now available, a threshold exposure, that is, a level of exposure
below which there is no effect of radon, cannot be excluded.

The second problem is that the majority of miners in the studies are smokers
and all inhale dust and other pollutants in mines.  Because radon and cigarette
smoke both cause lung cancer, it is complicated to disentangle the effects of the 2
kinds of exposure.  That makes it especially difficult to estimate radon risks for
nonsmokers in homes using the evidence from miners.  A final problem is that the
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miners were almost all men, whereas the population exposed to radon in homes
includes men, women, and children.

The committee used the information from miners and supplemented it with
information from laboratory studies of how radon causes lung cancer.  Then, with
facts about the U.S. population, including measurements of radon levels in homes,
it estimated the number of lung-cancer deaths due to radon in homes.  In 1995,
about 157,400 people died of lung cancer (from all causes including smoking and
radon exposure) in the United States.  Of the 95,400 men who died of lung
cancer, about 95% were probably ever-smokers; of the 62,000 women, about
90% were probably ever-smokers.  Approximately 11,000 lung-cancer deaths are
estimated to have occurred in never-smokers in 1995.

The BEIR VI committee’s preferred central estimates, depending on which
one of the two models are used, are that about 1 in 10 or 1 in 7 of all lung-cancer
deaths—amounting to central estimates of about 15,400 or 21,800 per year in
the United States—can be attributed to radon among ever-smokers and never-
smokers together.  Although 15,400 or 21,800 total radon-related lung-cancer
deaths per year are the committee’s central estimates, uncertainties are in-
volved in these estimates.  The committee’s preferred estimate of the uncertain-
ties was obtained by using a simplified analysis of a constant relative risk
model based on observations closest to residential exposure levels.  The num-
ber of radon-related lung-cancer deaths resulting from that analysis could be as
low as 3,000 or as high as 33,000 each year.  Most of the radon-related lung
cancers occur among ever-smokers, and because of synergism between smok-
ing and radon, many of the cancers in ever-smokers could be prevented by
either tobacco control or reduction of radon exposure.  The committee’s best
estimate is that among the 11,000 lung-cancer deaths each year in never-
smokers, 2,100 or 2,900, depending on the model used, are radon-related lung
cancers.

Radon, being naturally occurring, cannot be entirely eliminated from our
homes.  Of the deaths that the committee attributes to radon (both independently
and through joint action with smoking), perhaps one-third could be avoided by
reducing radon in homes where it is above the “action guideline level” of 148
Bqm–3 (4 pCiL–1) to below the action levels recommended by the Environmental
Protection Agency.

The risk of lung cancer caused by smoking is much higher than the risk of
lung cancer caused by indoor radon.  Most of the radon-related deaths among
smokers would not have occurred if the victims had not smoked.  Furthermore,
there is evidence for a synergistic interaction between smoking and radon.  In
other words, the number of cancers induced in ever-smokers by radon is greater
than one would expect from the additive effects of smoking alone and radon
alone.  Nevertheless, the estimated 15,400 or 21,800 deaths attributed to radon in
combination with cigarette-smoking and radon alone in never-smokers constitute
a public-health problem.
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INTRODUCTION

This National Research Council’s report of the sixth Committee on Biologi-
cal Effects of Ionizing Radiations (BEIR VI) addresses the risk of lung cancer
associated with exposure to radon and its radioactive progeny.  Radon, a naturally
occurring gas formed from the decay of uranium in the earth, has been conclu-
sively shown in epidemiologic studies of underground miners to cause lung can-
cer.  There is supporting evidence from experimental studies of animals that
confirm radon as a cause of lung cancer and from molecular and cellular studies
that provide an understanding of the mechanisms by which radon causes lung
cancer.

In addition to being present at high concentrations in many types of under-
ground mines, radon is found in homes and is also present outdoors.  Extensive
measurements of radon concentrations in homes show that although concentra-
tions vary widely, radon is universally present, raising concerns that radon in
homes increases lung-cancer risk for the general population, especially those who
spend a majority of their time indoors at home.  For the purpose of developing
public policy to manage the risk associated with indoor radon, there is a need to
characterize the possible risks across the range of exposures received by the
population.  The higher end of that range of exposures is comparable to those
exposures that caused lung cancer in underground miners.  The lower end of that
range includes exposures received from an average indoor lifetime exposure
which is at least one order of magnitude lower.

Risk models, which mathematically represent the relationship between expo-
sure and risk,  have been developed and used to assess the lung-cancer risks

Executive Summary
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associated with indoor radon.  For example, the precursor to this committee, the
BEIR IV committee, developed one such model on the basis of statistical analysis
of data from 4 epidemiologic studies of underground miners.  The BEIR IV
model has been widely used to estimate the risk posed by indoor radon.  Since the
1988 publication of the BEIR IV report, substantial new evidence on radon has
become available: new epidemiologic studies of miners have been completed,
existing studies have been extended, and analysis of the pooled data from 11
principal epidemiologic studies of underground miners has been conducted in-
volving a total of 68,000 miners and to date, 2,700 deaths from lung cancer.
Other lines of scientific evidence relevant to assessing radon risks have also
advanced, including findings on the molecular and cellular basis of carcinogen-
esis by alpha particles.  Radon itself does not directly cause lung cancer but alpha
particles from radon progeny directly damage target lung cells to cause cancer.
There is additional information for calculating the dose of alpha particles re-
ceived by the lung from inhaled radon progeny, the topic of a 1991 follow-up
report to the BEIR IV report, the report of the National Research Council’s Panel
on Dosimetric Assumptions.  Finally, during the last decade, a number of epide-
miologic case-control studies that estimated the risk associated with indoor radon
directly have also been implemented.

The BEIR VI committee faced the task of estimating the risks associated
with indoor radon across the full range of exposures and providing an indication
of the uncertainty to be attached to risk estimates across this range.  In preparing
this report, the BEIR VI committee, in response to its charge, reviewed the entire
body of data on radon and lung cancer, integrating findings from epidemiologic
studies with evidence from animal experiments and other lines of laboratory
investigation.  The committee also considered the substantial evidence on smok-
ing and cancer and the more limited evidence on the combined effect of smoking
and radon.  The report’s elements include comprehensive reviews of the cellular
and molecular basis of radon carcinogenesis and of the dosimetry of radon in the
respiratory tract, of the epidemiologic studies of miners and the general popula-
tion, and of the combined effects of radon and other occupational carcinogens
with tobacco-smoking.  The committee describes its preferred risk models, ap-
plies the models to estimate the risk posed by indoor radon, and characterizes
uncertainties associated with the risk estimates.

THE MECHANISTIC BASIS OF RADON-INDUCED LUNG CANCER

Information on radon carcinogenesis comes from molecular, cellular, ani-
mal, and human (or epidemiologic) studies.  Radiation carcinogenesis, in com-
mon with any other form of cancer induction, is likely to be a complex multistep
process that can be influenced by other agents and genetic factors at each step.
Since our current state of knowledge precludes a systematic quantitative descrip-
tion of all steps from early subcellular lesions to observed malignancy, the com-
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mittee used epidemiologic data to develop and quantify an empirical model of the
exposure-risk relationship for lung cancer.  The committee did draw extensively,
however, on findings from molecular, cellular, and animal studies in developing
its risk assessment for the general population.

The committee’s review of the cellular and molecular evidence was central
to the specification of the risk model.  This review led to the selection of a linear
nonthreshold relation between lung-cancer risk and radon exposure.  However,
the committee acknowledged that other relationships, including threshold and
curvilinear relationships, cannot be excluded with complete confidence, particu-
larly at the lowest levels of exposure.  At low radon exposures, typical of those in
homes, a lung epithelial cell would rarely be traversed by more than one alpha
particle per human lifespan.  As exposure decreases, the insult to cell nuclei that
are traversed by alpha particles remains the same as at higher exposures, but the
number of traversed nuclei decreases proportionally.  There is good evidence that
a single alpha particle can cause major genomic changes in a cell, including
mutation and transformation.  Even allowing for a substantial degree of repair,
the passage of a single alpha particle has the potential to cause irreparable dam-
age in cells that are not killed.  In addition, there is convincing evidence that most
cancers are of monoclonal origin, that is, they originate from damage to a single
cell.  These observations provide a mechanistic basis for a linear relationship
between alpha-particle dose and cancer risk at exposure levels at which the prob-
ability of the traversal of a cell by more than one alpha particle is very small, that
is, at exposure levels at which most cells are never traversed by even one alpha
particle.  On the basis of these mechanistic considerations, and in the absence of
credible evidence to the contrary, the committee adopted a linear-nonthreshold
model for the relationship between radon exposure and lung-cancer risk.  How-
ever, the committee recognized that it could not exclude the possibility of a
threshold relationship between exposure and lung cancer risk at very low levels
of radon exposure.

Extrapolation from higher to lower radon exposures is also influenced by the
inverse dose-rate effect, an increasing effect of a given total exposure as the rate
of exposure is decreased, as demonstrated by experiments in vivo and in vitro for
high-LET radiation, including alpha particles, and in miner data.  This dose-rate
effect, whatever its underlying mechanism, is likely to occur at exposure levels at
which multiple particle traversals per cell nucleus occur.  Mechanistic, experi-
mental, and epidemiologic considerations support the disappearance of the effect
at low exposure corresponding to an average of much less than one traversal per
cell location, as in most indoor exposures.  Extrapolating radon risk from the full
range of miner exposures to low indoor exposures involves extrapolating from a
situation in which multiple alpha-particle traversals of target nuclei occur to one
in which they are rare; such an extrapolation would be from circumstances in
which the inverse dose-rate effect might be important to one in which it is likely
to be nonexistent.  These considerations indicated a need to assess risks of radon



Copyright © National Academy of Sciences. All rights reserved.

Health Effects of Exposure to Radon: BEIR VI
http://www.nap.edu/catalog/5499.html

EXECUTIVE SUMMARY 7

in homes on the basis of miner data corresponding to as low an exposure as
possible, or to use a risk model that accounts for the diminution of an inverse
exposure-rate effect with decreasing exposure.

The committee also reviewed other evidence relevant to the biologic basis of
its risk assessment approach.  For the combined effect of smoking and radon,
animal studies provided conflicting evidence on synergism, and there is uncer-
tainty as to the relevance of the animal experiments to the patterns of smoking by
people.  Early attempts to identify a molecular “signature” of prior alpha-particle
damage through the identification of unusual point mutations in specific genes
have not yet proven useful, although approaches based on specific chromosomal
aberrations show some promise, and all the principal histologic types of lung
cancer can be associated with radon exposure.  Available evidence, albeit limited,
supports the likelihood that a typical human population would have a broad
spectrum of susceptibility to alpha-particle-induced carcinogenesis.

THE BEIR VI RISK MODELS

For estimating the risk imposed by exposure to indoor radon, the committee
chose an empirical approach based on analysis of data from radon-exposed min-
ers.  Other approaches that the committee considered but did not use included a
“dosimetric” approach, and use of “biologically-motivated” risk models.  A dosi-
metric approach, in which radon risks are estimated by applying risk estimates
from A-bomb survivor studies to estimates of radiation doses delivered to the
lung, was not pursued because of the major differences in the type of radiation
and exposure patterns compared with radon-progeny exposure.  A biologic-based
approach to modeling with a description of the various processes leading to
radon-induced cancer was not followed primarily because of the present incom-
plete state of knowledge of many of these processes.

The committee turned to the empirical analysis of epidemiologic data as the
basis for developing its risk model.  Two sources of information were available:
data from the epidemiologic studies of underground miners and data from the
case-control studies of indoor radon and lung cancer in the general population.
Both groups include ever-smokers and never-smokers.  Although the case-con-
trol studies provide direct estimates of indoor radon risk, the estimates obtained
from these studies are very imprecise, particularly if estimated for never-smokers
or ever-smokers separately, because the excess lung-cancer risk is likely to be
small.  Other weaknesses of the case-control studies are errors in estimating
exposure and the limited potential for studying modifying factors, particularly
cigarette smoking.  Nonetheless, the committee considered the findings of a
meta-analysis of the 8 completed studies.

In developing its risk models, the committee started with the recently re-
ported analyses by Lubin and colleagues of data from 11 studies of underground
miners—uranium miners in Colorado, New Mexico, France, Australia, the Czech
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Republic, and in Port Radium, Beaverlodge, and Ontario in Canada; metal miners
in Sweden; tin miners in China; and fluorspar miners in Canada.  The data for 4
studies were updated with new information.  These 11 studies offered a substan-
tially greater data resource than had been available to the BEIR IV committee.
The 11 epidemiologic studies covered a range of mining environments, times,
and countries, and their methods of data collection differed in some respects.

The committee analyzed the data with a relative-risk model in which radon
exposure has a multiplicative effect on the background rate of lung cancer.  In
particular, the committee modeled the excess relative risk (ERR), which repre-
sents the multiplicative increment to the excess disease risk beyond background
resulting from exposure.  The model represents the ERR as a linear function of
past exposure to radon.  This model allows the effect of exposure to vary flexibly
with the length of time that has passed since the exposure, with the exposure rate,
and with the attained age.  The mathematical form of the model for ERR is:

ERR = β(w5-14 + θ15-24 w15-24 + θ25+ w25+)φageγz

The parameter β represents the slope of the exposure-risk relationship for the
assumed reference categories of the modifying factors.  Exposure at any particu-
lar age has 4 components: exposure in the last 5 years—excluded as not biologi-
cally relevant to cancer risk—and exposures in 3 windows of past time, namely
5-14, 15-24, and 25 or more years previously.  Those exposures are labeled w5-14,
w15-24, and w25+ , respectively, and each is allowed to have its own relative level
of effect, θ5-14  (set equal to unity), θ15-24, and θ25+, respectively.  With this
weighting system, total exposure can be calculated as w* = w5-14 + θ15-24 w15-24 +
θ25+ w25+.  The rate of exposure also affects risk through the parameter γz; thus,
the effect of a particular level of exposure increases with decreasing exposure
rate, as indexed either by the duration of exposure or the average concentration at
which exposure was received.  The ERR also declines with increasing age, as
described by the parameter φage.

Based on this analysis, the committee developed two preferred risk models
referred to as the exposure-age-concentration model and the exposure-age-
duration model.  These two models differ only with respect to the parameter γz,
which represents either duration of exposure or the average concentration over
the time of the exposure.  The models were equally preferred by the committee.
The new models are similar in form to the BEIR IV model, but have an additional
term for exposure rate and more-detailed categories for the time-since-exposure
windows and for attained age.

RISK ASSESSMENT

The committee’s risk models can be used to project the lung-cancer risk
associated with radon exposure, both for individuals and for the entire US popu-
lation.  To extend the models that were developed from miner data to the general
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population, the committee needed to make a set of assumptions on the following
key issues.

Lung Dosimetry of Radon Progeny

Physical and biologic differences between the circumstances of exposures of
male miners working underground and of men, women, and children in their
homes could lead to differing doses at the same exposures.  The committee
estimated the value of a dimensionless parameter, termed the “K factor” in prior
reports, that characterizes the comparative doses to lung cells in homes and mines
for the same exposure.  Using a model to estimate the dose to the cells in the lung,
and incorporating new information on the input parameters of the model, the
committee found that the doses per unit exposure in mines and homes were
essentially the same.  Thus, K is calculated to be about 1 for men, women and
children (age 10 years), and slightly above K = 1 for infants (age 1).  Conse-
quently, a value of 1 was used in making the risk projections.

Extrapolation of Risks at Higher Exposures to Lower Exposures

Average exposures received by the miners in the epidemiologic studies are
about one order of magnitude higher than average indoor exposures, although the
lowest exposures of some miners overlap with some of the highest indoor expo-
sures.  To estimate risks of indoor radon exposures, it is thus necessary to make
an assumption about the shape of the exposure-risk relationship across the lower
range of the distribution of radon exposures.

The committee selected a linear-nonthreshold relationship relating exposure
to risk for the relatively low exposures at issue for indoor radon.  This assumption
has significant implications for risk projections.  Support for this assumption
came primarily from the committee’s review of the mechanistic information on
alpha-particle-induced carcinogenesis.  Corroborating information included evi-
dence for linearity in the miner studies at the lower range of exposures, and the
linearity and magnitude of risk observed in the meta-analysis of the case-control
studies, which was fully consistent with extrapolation of the miner data.  Al-
though a linear-nonthreshold model was selected, the committee recognized that
a threshold—that is, a level of exposure with no added risk—could exist and not
be identifiable from the available epidemiologic data.

Exposure Rate

At higher exposures, the committee found evidence in the miner data of an
inverse exposure-rate effect.  Theoretical considerations suggested that the in-
verse exposure-rate effect found in the miner data should not modify risks for
typical indoor exposures.  Consequently, the exposure-rate effect in the lowest



Copyright © National Academy of Sciences. All rights reserved.

Health Effects of Exposure to Radon: BEIR VI
http://www.nap.edu/catalog/5499.html

10 HEALTH EFFECTS OF EXPOSURE TO RADON

range of miner exposure rates was applied for relevant indoor exposures without
further adjustment.

Combined Effect of Smoking and Radon

Apart from the results of very limited in vitro and animal experiments, the
only source of evidence on the combined effect of the 2 carcinogens (cigarette
smoke and radon) was the data from 6 of the miner studies.  Analysis of those
data indicated a synergistic effect of the two exposures acting together, which
was characterized as submultiplicative, i.e., less than the anticipated effect if the
joint effect were the product of the risks from the two agents individually, but
more than if the joint effect were the sum of the individual risks.  The committee
applied a full multiplicative relation of the joint effect of smoking and exposure
to radon, as done by the BEIR IV committee, and also a submultiplicative rela-
tionship. Although the committee could not precisely characterize the joint effect
of smoking and radon exposure, the submultiplicative relation was preferred by
the committee because it was found to be more consistent with the available data.

Risks for Women

The risk model is based on epidemiologic studies of male miners.  The effect
of radon exposure on lung-cancer risk in women might be different from that in
men because of differing lung dosimetry or other factors related to gender.  The K
factor was calculated separately for women and men, but did not differ by gender.
The committee also could not identify strong evidence indicative of differing
susceptibility to lung carcinogens by sex.  Consequently, the model was extended
directly to women, with the assumption that the excess risk imposed by radon
progeny estimated from the male miners multiplies the background lung cancer
rates for women, which are presently substantially lower than for men.

Risks Associated with Exposures in Childhood

Evidence was available from only one study of miners on whether risk was
different for exposures received during childhood, during adolescence, and dur-
ing adulthood.  There was not a clear indication of the effect of age at exposure.
The committee made no specific adjustment for exposures received at earlier
ages.  The K factor for children aged 10 was calculated as 1 and the value for
infants was only slightly higher (about 1.08).

Characterization of Radon Risks

In making its calculations, the committee used the latest data on lung cancer
mortality for 1985-1989 and for smoking prevalence for the U.S. in 1993.  To
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characterize the lung-cancer risk posed to the population by indoor radon, the two
models for the exposure-risk relationship were applied to the distribution of
exposures received by the population to estimate the burden of lung cancer sus-
tained by the population as a result of indoor-radon exposure.  To characterize
risks to the population, we have used the population attributable risk (AR), which
indicates how much of the lung-cancer burden could, in theory, be prevented if all
exposures to radon were reduced to the background level of radon in outdoor air.
The AR estimates include cases in ever-smokers and never-smokers.  To charac-
terize the risk to specific individuals, the committee calculated the lifetime
relative risk (LRR), which describes the relative increment in lung-cancer risk
resulting from exposure to indoor radon beyond that from exposure to outdoor-
background concentrations of radon.

Radon-Attributable Risks

LRRs were computed using the committee’s risk models.  Estimates were
computed for exposure scenarios which reflect concentrations of indoor radon of
interest.  Table ES-1 shows the estimated LRRs for lifetime exposures at various
constant radon concentrations.  The LRR values are quite similar for the preferred
2 models: exposure-age-concentration and exposure-age-duration.  The LRR val-
ues estimated by the BEIR VI models and the BEIR IV model are also similar, in
spite of the addition of exposure rate to the new models.  As anticipated, LRR
values increase with exposure.  Women have a somewhat steeper increment in
LRR with increasing exposure because of differing mortality patterns.

Attributable risks for lung cancer from indoor radon in the US population
were computed with the committee’s 2 preferred models and compared with the
BEIR IV results.  Based on the National Residential Radon Survey, the commit-
tee assumed a log-normal distribution for residential radon concentration, with a
median of 24.3 Bqm–3 (0.67 pCiL–1) and a geometric standard deviation of 3.1
(Marcinowski 1994).  The AR was calculated for the entire US population and for
males and females and ever-smokers and never-smokers under the preferred
submultiplicative model (Table ES-2).  For the entire population, the ARs calcu-
lated with the new models ranged from about 10% to 14% and were higher than
estimates based on the BEIR IV model.  Under the submultiplicative assumption
which was described on page ES-9, the attributable risk estimates for ever-smok-
ers tended to be lower than estimates for never-smokers, although the numbers of
cases are far greater in ever-smokers than in never-smokers.

These AR estimates for the general population are further broken down with
respect to the distribution of indoor concentrations in Table ES-3.  This analysis
provides a picture of the potential consequences of alternative mitigation strate-
gies that might be used for risk-management purposes.  The findings were the
same for the committee’s 2 models.  The radon concentration distribution is
highly skewed, with homes with higher radon concentrations contributing dispro-
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TABLE ES-2 Estimated attributable risk (ARa) for lung-cancer death from
domestic exposure to radon using 1985-89 U.S. population mortality rates
based on selected risk models

Model Population Ever-smokersb Never-smokersb

Males
Committee’s preferred models
     Exposure-age-concentration 0.141 0.125 0.258
     Exposure-age-duration 0.099 0.087 0.189
Other Models
     CRRc (<0.175 Jhm–3; <50 WLM) 0.109 0.096 0.209
     BEIR IV 0.082 0.071 0.158

Females
Committee’s preferred models
     Exposure-age-concentration 0.153 0.137 0.269
     Exposure-age-duration 0.108 0.096 0.197
Other Models
     CRRc (<0.175 Jhm–3; <50 WLM) 0.114 0.101 0.209
     BEIR IV 0.087 0.077 0.163

aAR = the risk of lung cancer death attributed to radon in populations exposed to radon divided by
the total risk of lung cancer death in a population.
bBased on a submultiplicative relationship between tobacco-smoking and radon.
cCRR = constant relative risk.

portionately to AR.  Only 13% of the calculated AR is estimated to be contributed
by the 50% of homes below the median concentration of about 25 Bqm–3 (0.7
pCiL–1) and about 30% by homes below the mean of about 46 Bqm–3 (1.25
pCiL–1).  Homes above 148 Bqm–3 (4 pCiL–1), the current action level established
by the Environmental Protection Agency, contribute about 30% percent of the
AR.  This contribution to the total AR is indicative of the potential magnitude of
avoidable deaths with a risk management program based on the current action
guideline.  While 10-15 percent of all lung cancers are estimated to be attribut-
able to indoor radon, eliminating exposures in excess of 148 Bqm–3 (4 pCiL–1)
would prevent about 3 to 4 percent of all lung cancers, or, about one-third of the
radon-attributable lung cancers.

The ARs were reestimated with assumption of thresholds, levels below which
cancer risk is not increased, at 37, 74, or 148 Bqm–3 (1, 2, or 4 pCiL–1).  Even
though the committee assumed that risk was most likely linear with exposure at
lower levels, this analysis was conducted to illustrate the impact of assuming a
threshold on risk-management decisions.  Assuming an action level of 148
Bqm–3 (4 pCiL–1) for mitigation, postulating a threshold reduces the total number
of lung-cancer deaths that are attributable to indoor radon and also the number of
lung-cancer deaths that can be prevented by reducing levels in homes to zero.
For assumed thresholds below 148 Bqm–3  (4 pCiL–1), there is little impact on the
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estimated numbers of preventable lung cancers by mitigation of homes with
radon concentrations above 148 Bqm–3  (4 pCiL–1).

These AR estimates can be translated into numbers of lung-cancer deaths
(Table ES-4).  In 1995, there were approximately 157,400 lung-cancer deaths—
95,400 in men and 62,000 in women—in the United States.  Most occurred in
smokers and it is estimated that 95% of cases occurred in men and 90% in
women.  Table ES-4 shows the estimated lung-cancer deaths in the United States
attributable to indoor radon progeny exposure under the BEIR VI models.  A
review of the data presented in Table ES-4 reveals some differences in the calcu-
lated radon-attributable lung-cancer deaths using the exposure-age-concentration
model and the exposure-age-duration model.  Further variability is evident for
both models depending on the approach used to estimate the influence of ciga-
rette-smoking on lung-cancer risk.  The use of the two models with two ap-
proaches to dealing with smoking yields an array of estimates of lung-cancer risk
attributable to radon exposure, and provides an indication of the influence of the
model and of incorporating the effects of tobacco-smoking on the projections of
population risk.  The range of calculated values, however, is not a complete

TABLE ES-4 Estimated number of lung cancer deaths for the U.S. for 1995
attributable to indoor residential radon progeny exposure

Lung-cancer deaths
attributable to Rn
progeny exposure (No.)

Number of lung- Exposure-age- Exposure-age-
Population cancer deaths concentration model duration model

Malesa

Total 95,400 12,500b 8,800b

Ever-smokers 90,600 11,300 7,900
Never-smokers 4,800 1,200 900

Femalesa

Total 62,000 9,300 6,600
Ever-smokers 55,800 7,600 5,400
Never-smokers 6,200 1,700 1,200

Males and Females
Total 157,400 21,800 15,400

Ever-smokers 146,400 18,900 13,300
Never-smokers 11,000 2,900 2,100

aAssuming 95% of all lung cancers among males occurs among ever-smokers; 90% of lung cancers
among females occurs among ever-smokers.
bEstimates based on applying a smoking adjustment to the risk models, multiplying the baseline
estimated attributable risk per exposure by 0.9 for ever-smokers and by 2.0 for never-smokers,
implying a submultiplicative relationship between radon-progeny exposure and smoking.
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reflection of the uncertainty in estimating the lung-cancer risks of radon expo-
sures and especially for never-smokers at low levels of radon exposure.

Uncertainty Considerations

Quantitative estimates of the lung cancer risk imposed by radon are subject
to uncertainties—uncertainties that need to be understood in using the risk pro-
jections as a basis for making risk-management decisions (see Table ES-5).  Broad
categories of uncertainties can be identified, including uncertainties arising from
the miner data used to derive the lung-cancer risk models and the models them-
selves, from the representation of the relationship between exposure and dose,
from the exposure-distribution data, from the demographic and lung-cancer mor-
tality data, and from the assumptions made in extending the committee’s models
from the exposures received by the miners to those received by the general
population.  The committee addressed those sources of uncertainty qualitatively
and, to a certain extent, quantitatively.

TABLE ES-5 Sources of uncertainty in estimates of lifetime risk of lung-
cancer mortality resulting from exposure to radon in homes

III Sources of uncertainty arising from the model relating lung-cancer risk to exposure
A Uncertainties in parameter estimates derived from miner data

1 Sampling variation in the underground miner data;
2 Errors and limitations in the underground miner data;

a) Errors in health-effects data including vital status and information on cause of
death;

b) Errors in data on exposure to radon and radon progeny including estimated
cumulative exposures, exposure rates and durations;

c) Limitations in data on other exposures including data on smoking and on other
exposures such as arsenic.

B Uncertainties in application of the lung-cancer exposure-response model and in its
application to residential exposure to the general U.S. population
1 Shape of the exposure/exposure rate response function for estimates at varying

exposures and exposure rates;
2 Temporal expression of risks;
3 Dependence of risks on sex;
4 Dependence of risks on age at exposure;
5 Dependence risks on smoking status.

III Sources of uncertainty arising from differences in radon progeny dosimetry in mines and
in homes

III Sources of uncertainty arising from estimating the exposure distribution for the U.S.
population exposure distribution model

1 Estimate of the average radon concentration;
2 Estimate of the average equilibrium fraction;
3 Estimate of the average occupancy factor.

IV Sources of uncertainty in the demographic data used to calculate lifetime risk
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The committee’s models of lung-cancer risk were based on analyses of data
from epidemiologic studies of miners.  There are undoubtedly errors in the esti-
mates of exposures to radon progeny for the miners, and information was limited
on other key exposures including cigarette smoking and arsenic.  The committee
could not identify any overall systematic bias in the exposure estimates for radon
progeny, but random errors might have led to an underestimation of the slope of
the exposure-risk relationship.  Although 6 of 11 study cohorts had some smok-
ing information, sparse information on smoking limited the committee’s charac-
terization of the combined effects of smoking and radon-progeny exposure and
precluded precise estimation of the risk of radon-progeny exposure in never-
smokers.

The committee’s models may not correctly specify the true relationship be-
tween radon exposure and lung-cancer risk.  The models assume a linear-multiplica-
tive relationship without threshold between radon exposure and risk.  While the
miner data provide evidence of linearity across the range of exposures received in
the mines, the assumption of linearity down to the lowest exposures was based on
mechanistic considerations that could not be validated against observational data.
Alternative exposure-risk relations, including relations with a threshold, may be
operative at the lowest exposures.  However, the committee’s analysis showed
that assumption of a threshold up to exposures at 148 Bqm–3 (4 pCiL–1) had little
impact on the numbers of lung-cancer deaths theoretically preventable by mitiga-
tion of exposures above that level.

Additional sources of uncertainty in the risk projections reflect the approach
used to evaluate possibly differing lung dosimetry for miners and for the general
population, the limited information on cigarette-smoking, and the lack of data on
risks of exposures of children and women.

The committee applied new quantitative methods for uncertainty analysis to
evaluate the impact of variability and uncertainty in the model parameters on the
attributable risk.  Since not all sources of uncertainty could be characterized, this
analysis was intended to be illustrative and not to replace the committee’s more
comprehensive qualitative analysis.

The quantitative analysis conducted by the committee provided limits within
which the AR was considered to lie with 95% certainty.  For the exposure-age-
concentration model, the uncertainty interval around the central estimate of AR
(14%) for the entire population ranged from about 9 to 25%.  This range reflects
a substantial degree of uncertainty in the AR estimate, although the shape of the
uncertainty distributions indicated that values near the central estimates were
much more likely than values near the upper and lower limits.  For the exposure-
age-duration model, the uncertainty interval ranged from 7 to 17% and was
centered at about 10%.  The committee’s preferred uncertainty limits were ob-
tained using a simple constant-relative-risk model fitted to the miner data below
0.175 Jhm–3 (50 WLM), which is based on observations at exposures closest to
residential exposure levels.  The latter analysis, which minimizes the degree of
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extrapolation outside the range of the miner data, led to uncertainty limits of 2 to
21%, with a central estimate of about 11%.

Effects of Radon Exposure Other Than Lung Cancer

Health effects of exposure to radon progeny other than lung cancer have
been of concern, including other malignancies and non-malignant respiratory
diseases in miners.  The findings of several ecologic studies in the general
population have indicated a possible effect of radon exposure in increasing risk
for several types of non-lung cancers and leukemias.  A pooled analysis of 11
miner studies, differing in one study from the data used by the committee,
showed no evidence of excess risk for cancers other than the lung.  The com-
mittee concluded that the findings in the miners could be reasonably extended
to the general population and that there is no basis for considering that effects
would be observed in the range of typical exposures of the general population
that would not be observed in the underground miners exposed at generally
much higher levels.

The committee reviewed new studies of non-malignant respiratory disease in
uranium miners.  A case series of uranium miners with pulmonary fibrosis sup-
ported the possibility that exposures to radon progeny may cause fibrosis of the
pulmonary interstitium, but the case series is insufficient to establish a causal link
to radon progeny specifically.

CONCLUSIONS

Radon is one of the most extensively investigated human carcinogens.  The
carcinogenicity of radon is convincingly documented through epidemiologic
studies of underground miners, all showing a markedly increased risk of lung
cancer.  The exposure-response relationship has been well characterized by
analyses of the epidemiologic data from the miner studies, and a number of
modifiers of the exposure-response relationship have been identified, including
exposure rate, age, and smoking.  For residences in the United States, a large
national survey provides information on typical exposures and on the range of
exposures.

On the basis of the epidemiologic evidence from miners and understanding
of the genomic damage caused by alpha particles, the committee concluded that
exposure to radon in homes is expected to be a cause of lung cancer in the general
population.  According to the committee’s two preferred risk models, the number
of lung-cancer cases due to residential radon exposure in the United States was
projected to be 15,400 (exposure-age-duration model) or 21,800 (exposure-age-
concentration model).  Although these represent the best estimates that can be
made at this time, the committee’s uncertainty analyses using the constant rela-
tive risk model suggested that the number of cases could range from about 3,000
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1The 95% upper confidence limit for the exposure-age-concentration model was approximately
38,600, but such an upper limit was highly unlikely based on the committee’s review and analyses.

to 33,0001.  Nonetheless, this indicates a public-health problem and makes indoor
radon the second leading cause of lung cancer after cigarette-smoking.

The full number of attributed deaths can be prevented through radon mitiga-
tion only by eliminating radon in homes, a theoretical scenario that cannot be
reasonably achieved.  Nonetheless, the burden of lung-cancer deaths attributed to
the upper end of the exposure distribution is expected to be reduced by lowering
radon concentrations.  Perhaps one-third of the radon-attributed cases (about 4%
of the total lung-cancer deaths) would be avoided if all homes had concentrations
below the Environmental Protection Agency’s action guideline of 148 Bqm–3 (4
pCiL–1); of these, about 87% would be in ever-smokers.  It can be noted that the
deaths from radon-attributable lung cancer in smokers could most efficiently be
reduced through tobacco-control measures, in that most of the radon-related
deaths among smokers would not have occurred if the victims had not smoked.

The committee’s model and general approach to assessing lung-cancer risks
posed by indoor radon and cigarette-smoking are subject to considerable uncer-
tainty because of gaps in our scientific knowledge of effects at low levels of
exposure.  This uncertainty should be reduced as an improved understanding
develops of molecular and cellular events in the induction of lung cancer at low
levels of exposure to radon and other toxicants and of the role of various factors
influencing susceptibility to lung cancer.  The long-term follow-up of miner
populations is strongly encouraged, as is completion of the case-control studies
of residential exposures now in progress.  The committee encourages further
meta-analysis and pooling of case-control data.  However, the committee recom-
mends that new case-control studies not be initiated until those in progress are
completed, data are analyzed and synthesized, and judgments rendered as to the
likely value of further residential studies.

Despite the limitations of existing data, the committee found key observa-
tional and experimental data that, along with theoretical considerations in radio-
biology and carcinogenesis, provided a basis for the models developed and used
to estimate radon-attributable lung-cancer risks.  The major shortcomings in the
existing data relate to estimating lung-cancer risks near 148 Bqm–3 (4 pCiL–1) and
down to the average indoor level of 46 Bqm–3 (1.24 pCiL–1), especially the risks
to never-smokers.  The qualitative and quantitative uncertainty analyses indi-
cated the actual number of radon-attributable lung-cancer deaths could be either
greater or lower than the committee’s central estimates.  This uncertainty did not
change the committee’s view that indoor radon should be considered as a cause of
lung cancer in the general population that is amenable to reduction.  However, the
attributable risk for smoking, the leading cause of lung cancer, is far greater than
for radon, the second leading cause.  Lung cancer in the general population and in
miners is related to both risk factors and is amenable to prevention.
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1

Introduction

RADON AND LUNG CANCER: AN OVERVIEW

Radon-222, a noble gas resulting from the decay of naturally occurring
uranium-238, was the first occupational respiratory carcinogen to be identified.
As early as the 1500s, Agricola chronicled unusually high mortality from respira-
tory disease among underground metal miners in the Erz Mountains of eastern
Europe (Hoover and Hoover 1950).  In 1879, Harting and Hesse (1879) described
autopsy findings that documented pulmonary malignancy in miners in that region
and by early in the 20th century the malignancy was shown to be primary carci-
noma of the lung (Arnstein 1913).  The finding of high levels of radon in mines in
the region and in the nearby mines of Joachimsthal in Czechoslovakia, where
miners also had high lung-cancer rates, led to the hypothesis that radon was the
cause of the lung cancers (Ludwig and Lorenser 1924; Pirchan and Sikl 1932;
also, see Jacobi 1994 and Proctor 1995 for a historical review).  That hypothesis
was not uniformly accepted until the findings of epidemiologic studies of other
groups of radon-exposed underground miners were reported during the 1950s and
1960s (see Lorenz 1944 for an early view of the evidence and Proctor 1995 for a
review of the controversy; NRC 1988 summarizes the epidemiologic evidence).
Radon has now been classified as a human carcinogen by the International Agency
for Research on Cancer (IARC 1988).

Radon is an alpha-particle emitter that decays with a half-life of 3.8 d into a
short-lived series of progeny that have been referred to historically as radon
daughters but are now more often termed radon-decay products or radon progeny
(Figure 1-1).  Radon itself was initially considered to be the direct cause of the
lung cancer in the miners.  However, Harley proposed in his doctoral thesis at
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Rensselear Polytechnic Institute that it was the decay products of radon, and not
radon, that delivered the pertinent dose to lung cells (Harley 1952, 1953, 1980).
Bale learned of this thesis when he visited the Health and Safety Laboratory of
the U.S. Atomic Energy Commission, where Harley had done his work, and he
confirmed the calculations of lung dose from radon and thoron.  Alpha particles
released by 2 radioisotopes in the radon-decay chain, polonium-218 and polo-

FIGURE 1-1 The radon-decay chain.  An arrow pointing downward indicates decay by
alpha-particle emission; an arrow pointing to the right indicates decay by beta-particle
emission.  The historical symbols for the nuclides are in parentheses below the modern
symbols.  Most decay takes place along the unbranched chain marked with thick arrows.
The negligible percentage of decay along the thin arrows is shown at critical points.  The
end of the chain, lead-206, is stable, not radioactive.  Half-lives of each isotope are shown
as seconds (s), minutes (m), days (d), or years (y).  Modified from NRC (1988).
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nium-214, deliver to target cells in the respiratory epithelium the energy that is
considered to cause radon-associated lung cancer (NRC 1991).

Evidence on radon and lung cancer is now available from about 20 epide-
miologic studies of underground miners, including 11 studies that provided quan-
titative information on the exposure-response relationship between radon and
lung-cancer risk (Lubin and others 1995).  Those studies and several epidemio-
logic findings before them, continue to support the implementation of regulatory
programs to reduce exposures of underground miners to radon and to provide
compensation for occupational lung cancer (Samet 1992).

Although the progeny of radon are now a well-recognized cause of lung
cancer, radon itself has again become a topic of controversy and public-health
concern because it has been found to be a ubiquitous indoor air pollutant to which
all persons are exposed (Cole 1993 and Proctor 1995 review the controversy).
Radon was found to be present in indoor air as early as the 1950s, but the
potential health implications received little attention until the late 1970s  (Proctor
1995).  In Scandinavia, housing surveys in the 1970s documented the presence of
relatively high radon concentrations in homes built with materials containing
medium-rich alum shale.  Sparse data from the United States provided a similar
indication of contamination of indoor air with radon.  In 1984, a man triggered
the radiation detector on entering the nuclear power plant where he worked.  His
home was found to have radon concentrations well beyond those permitted in
underground mines.  Other homes with high concentrations were identified later,
and an enlarging database on indoor radon concentrations showed that the prob-
lem was widespread (Nero 1986).

The evidence on radon and lung cancer is now extensive.  Initially, research
was driven by the need to characterize the risks faced by underground miners so
that exposure limits that would keep risks to an acceptable level could be set.  The
work emphasized epidemiologic studies of the uranium and other underground
miners exposed to radon, but animal studies were also conducted to address the
modifying effects of such factors as the presence of ore dust and diesel exhaust,
cigarette-smoking, and dose rate.  Models of the respiratory tract were developed
to characterize the relationship between exposure to radon progeny and dose of
alpha energy delivered to target cells in the respiratory epithelium.  In the last
decade, research has reflected the need to improve the understanding of the risks
posed to the general population by indoor radon.  Epidemiologic studies have
been conducted to assess the general population’s risk of lung cancer associated
with indoor radon and complementary animal and laboratory studies have been
carried out to address uncertainties in assessment of the risks associated with
indoor radon.  As a result, we have gained a rich body of evidence on radon and
lung cancer that addresses all facets of the problem within the framework of
exposure, dose, and response (Figure 1-2).  The new techniques of cellular and
molecular biology also have brought new insights into how alpha particles injure
the genetic material of cells and cause cancer (NRC 1994).
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During the past 3 decades, a series of studies have been conducted within the
operation of the National Academy of Sciences’ National Research Council to
evaluate the risks to human health following exposure to ionizing radiations.
This series of risk assessments by committees on the Biological Effects of Ioniz-
ing Radiations, or BEIR, included a BEIR IV report in 1988 (NRC 1988) which
focused on health effects of radon and other alpha-particle emitters.

The context for the work of the 6th Committee on the Biological Effects of
Ionizing Radiations (BEIR VI), in the National Research Council’s Board on
Radiation Effects Research (BRER), has been set by concern about the risk posed
to the public by indoor radon.  As a basis for developing public policy on indoor
radon, the risks associated with indoor radon across the range of residential
exposures received by the population must be characterized.  That range extends
from exposures at the higher end comparable to those received by miners found
to be at increased risk for lung cancer down to exposures at an average indoor
concentration of about 50 becquerels/cubic meter, or 50 Bqm–3 (1.4 picocuries/
liter, or 1.4 pCiL–1), which are much lower than the exposures of most of the
miners included in the epidemiologic studies.  The degree of uncertainty in the
risk estimates increases from the high end of the exposure range where risks are

FIGURE 1-2 Factors influencing the relationship between radon exposure and lung-
cancer risk.  Modified from NRC (1991).
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directly measured, to the low end where risks must be extrapolated; the degree of
uncertainty at the low end of the range has contributed to persistent questioning
of the appropriateness of directing risk-management strategies uniformly across
the full range of population exposures.  In the United States, for example, the
Environmental Protection Agency (EPA) has called for the voluntary measure-
ment of indoor radon concentration in single-family residences and mitigation of
radon in homes with average annual concentrations above 148 Bqm–3 (4 pCiL–1)
(USEPA 1992c).

The BEIR VI committee thus faced the task of characterizing the risks asso-
ciated with indoor radon across the full range of exposures and providing an
indication of the uncertainty to be attached to risk estimates across that range.  At
the higher end of the range, exposures of the general population overlap those
received by miners, and the extensive findings on risks in miners provide a
reasonably accurate picture of the risks likely to be sustained by the population.
At the lower end of the range, risks are estimated by extrapolating from the miner
data and are consistent with the results of a meta-analysis of domestic-exposure
studies (Lubin and Boice 1997).  The extrapolation requires assumptions about
the relationship between exposure to radon and lung-cancer risk and a careful
exploration of the comparative doses from alpha particles delivered to the lung in
the mining and indoor environments.  The extrapolation also requires assump-
tions on the potential modifying effects of cigarette-smoking, age at exposure,
and sex.  These assumptions are a source of uncertainty in estimates of the risk of
indoor radon, but choices can be supported by epidemiologic and experimental
data.  In preparing this report, the BEIR VI committee considered the entire body
of evidence on radon and lung cancer, integrating findings from epidemiologic
studies with evidence from animal experiments and other lines of laboratory
investigation.

Radon, of course, is only one of the causes of lung cancer (Table 1-1).  In
fact, the epidemic of lung cancer in the United States and many other countries
largely reflects trends in cigarette-smoking, the dominant cause of lung cancer
(USDHHS 1989; Burns 1994; Mason 1994).  Of the approximately 170,000 lung
cancer cases in 1996, most will be in cigarette smokers and thus avoidable in
principle through smoking prevention and cessation.  Synergism between radon
and tobacco smoking implies heightened risks from radon in ever-smokers but
cases caused by the joint effect of smoking and radon can be prevented by
avoidance of smoking.  Thus, risk projections of the number of lung-cancer cases
attributable to radon should be interpreted with acknowledgment that most lung-
cancer cases and deaths can be prevented by eliminating smoking.

PRIOR REPORTS ON THE RISK ASSOCIATED WITH  RADON

There have been numerous assessments of the risks posed by radon, in both
mining and indoor environments.  Some have been generated by previous BEIR
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committees and others by committees of the National Council on Radiation Pro-
tection and Measurements (NCRP) and the International Commission on Radio-
logical Protection (ICRP).  The BEIR IV report (NRC 1988) reviewed the princi-
pal risk models published through the 1980s.  Those models were based on either
the dosimetric or the epidemiologic approach.  In the dosimetric approach, a
model is used to estimate the dose from alpha-particles delivered to the lung; the
lung-cancer risk is then estimated with a risk coefficient based on risks in popu-
lations exposed to low linear-energy-transfer (low-LET) radiation, such as the
Japanese atomic-bomb survivors, and adjusted for the greater potency of alpha
radiation by using a quality factor for the relative biologic effectiveness (RBE) of
alpha radiation in causing cancer, historically assumed to be the same as the
ICRP quality factor of 20.  The epidemiologic approach employs a risk model
based on the studies of underground miners.  The BEIR IV committee analyzed
data from 4 cohorts of underground miners, using regression methods to develop
a model that described the relationship between excess relative risk and exposure
to radon progeny during 3 temporal periods of time since exposure.  The model
also incorporated an age dependence of the effect of radon on lung-cancer risk.

After the BEIR IV (NRC 1988) report, 2 new risk models were reported,
both based on the epidemiologic approach.  ICRP addressed exposures at home
and at work in its Publication 65: Protection Against Radon-222 at Home and at
Work (ICRP 1994a).  That report used a model for excess relative risk that
incorporated time dependence of the effect of radon; the risk coefficient was that
reported by the BEIR IV committee.  The 2nd model was based on an extensive
pooled analysis of data on 11 cohorts of underground miners (Lubin and others
1995).  The general analytic approach followed that of the BEIR IV committee.
The models for excess relative risk incorporated exposure during windows de-
fined by time since exposure and included age-dependence of the effect of radon.
The rate at which exposure was received also had an important effect on lung-

TABLE 1-1 Risk factors for lung cancer

• Active cigarette-smoking
• Passive cigarette-smoking
• Radon
• Occupational carcinogens:

Arsenic
Asbestos
Chromates
Chloromethyl ethers
Nickel

• Polycyclic aromatic hydrocarbons
• Family history
• Fibrotic lung disorders
• Ambient air pollution
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cancer risk: risk increased as exposure rate decreased.  Two models were de-
scribed, one describing the exposure-rate effect by variables for the duration of
exposure and the other by variables for exposure rate.

Early in its deliberations, the committee critically assessed the various pos-
sible approaches to risk estimation from exposure to low levels of radon.  The
possible methodologies for generating such risk estimates are summarized in
Figure 1-3, and are discussed in chapter 3.  In addition to the previously used
dosimetric and epidemiologic approaches, statistical models can also be applied
that are based on a biologic construct of the effect of radon.

The dosimetric approach focuses on computing the doses deposited in lung
target cells by alpha particles emitted from radon progeny deposited in various
compartments of the lung.  The approach relies on applying risk estimates from

FIGURE 1-3 Possible methodologies for generating risk estimates for low exposures to
radon.
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populations exposed to other radiations, such as from the atomic-bomb survivors
in Hiroshima and Nagasaki who were exposed to primarily gamma rays and
neutrons, to the doses estimated in the lung cells which are believed to become
lung cancers.

The biologically-motivated approach would use data from molecular, cellu-
lar, and animal studies to generate parameters which could be used to refine
models of carcinogenesis.  The miner data could be used in conjunction with the
models to see if effects observed in nonhuman systems might be altered by
responses in the intact human.

Finally, the empirical approach would use the state-of-the-art statistical meth-
odologies to analyze epidemiologic data from miner and residential studies.  In
brief, of the three data sources (miner studies, domestic radon exposure studies,
and populations exposed to γ rays), use of data from γ-ray exposed groups (par-
ticularly A-bomb survivors) was rejected due to the many assumptions needed to
generate risk estimates for prolonged localized exposure to densely-ionizing ra-
diation, based on risks for acute whole-body exposures to γ rays.  Use of data
from studies of residential radon exposure was rejected for the primary risk
estimation due to the very limited statistical power available in these studies.
However, the residential data were used as validation and support for the low-
dose risk estimates, in that the results were compared with, and shown to be
consistent with, risk estimates extrapolated from analyses of the miner data.

Of the three modeling approaches possible for analyzing the epidemiologic
data (dosimetric approach, biologically-motivated models, empirical approach),
the dosimetric approach was rejected for the same reasons as was the use of A-
bomb survivor data—the uncertainties involved in extrapolating from the effects
of acute whole-body γ-ray exposures to prolonged localized exposure to densely-
ionizing radiation.  The use of biologically-motivated models—such as the two-
stage clonal expansion model—was rejected due to our limited knowledge of the
complete mechanisms involved in radon-induced carcinogenesis.  As described
in chapters 2 and 3, however, mechanistic information was used to guide specific
parts of the empirical modeling, whenever possible.

In summary, the committee chose to follow the overall methodology both of
BEIR IV and the pooled analysis of Lubin and others (1994a), and to base risk
estimates on an empirically-based analysis of miner data.  This approach pro-
vided the committee with the invaluable starting point of existing data bases and
methodologies, some well-characterized and others with deficiencies and limita-
tions as described in chapter 3.

POPULATION EXPOSURE TO RADON

The principal place of exposure to radon is the home; the predominant con-
tribution of exposure in the home reflects the amount of time spent there and the
general pattern of radon concentrations in buildings (Harley 1991; NCRP 1991;



Copyright © National Academy of Sciences. All rights reserved.

Health Effects of Exposure to Radon: BEIR VI
http://www.nap.edu/catalog/5499.html

28 HEALTH EFFECTS OF EXPOSURE TO RADON

Samet and Spengler 1991).  The major source of the radon in a home is the soil
gas that enters from beneath and around the structure (NCRP 1984).  Radon-
contaminated water and radium-rich building materials can also contribute radon.
Under some circumstances, water can contribute a substantial amount of the
radon in air, but water is a relatively minor source of population exposure to
radon progeny.

Surveys of indoor radon concentrations in the United States and many other
countries have shown that radon is ubiquitous indoors, typically at a concentra-
tion only one hundredth to one-tenth that found in the underground mines and
shown to be associated with lung cancer.  For the survey conducted by the U.S.
Environmental Protection Agency, the distribution of concentrations is roughly
lognormal; the arithmetic mean concentration is about 46.25 Bqm–3 (1.25
pCiL–1) (Figure 1-4).  On the basis of the survey information, mean exposure of
the general population is about 0.0007 Jhm–3 (0.2 WLM) per year or about 0.049
Jhm–3 (14 WLM) in a lifetime (NCRP 1984, 1991).

THE COMMITTEE’S APPROACH

The BEIR VI committee was constituted after a BEIR VI phase 1 committee
determined that sufficient evidence had become available since the 1988 publica-
tion of the BEIR IV report to justify a new study (NRC 1994).  The charge
extended to the BEIR VI committee was broad (Table 1-2).  Its principal goals
were to examine evidence of  effects of low-level exposure to radon progeny and
to develop a mathematical model for the lung-cancer risk associated with radon.
In developing this model, the committee was to address key uncertainties, includ-
ing the combined effect of smoking and radon, the effect of exposure rate, the
effects of exposures to agents other than radon in the mines, and the conse-
quences of errors in exposure estimates.  The committee was also asked to review
relevant evidence from radiobiologic studies, to reassess exposure-dose relations,
and to evaluate the potential utility of  the case-control studies of indoor radon.

The multidisciplinary BEIR VI phase 2 committee worked in topic-oriented
groups that addressed exposure and dosimetry; molecular and cellular aspects of
radon carcinogenesis, including the findings of in vitro approaches and animal
studies; epidemiologic studies of miners;  case-control studies in the general
population; and risk modeling.  When the committee began its work, it was
recognized that the data on the 11 cohorts of miners would be essential for the
development of a new risk model; the committee obtained the cooperation of the
principal investigators for the individual cohort studies so that additional analy-
ses of the data could be undertaken to develop a risk model.  During the course of
deliberations by the committee, it became apparent that a new meta-analysis of
exposure in homes was powerful enough to yield useful risk estimates associated
with domestic exposures.

The committee also recognized that its work could not be artificially sepa-
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rated from the context set by controversy and debate over the management of the
risk posed by indoor radon.  In the United States, the EPA has pursued a broad
national strategy to reduce radon risks through voluntary testing of homes and
mitigation of radon in those with an annual average above 148 Bqm–3 (4 pCiL–1).
EPA finds a basis for risk management in its projections of 7,000-30,000 lung-
cancer deaths per year attributable to residential radon exposure (Page 1993).

FIGURE 1-4 Distribution of radon concentrations in U.S. homes (modified from the
National Residential Radon Survey; USEPA 1994).
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TABLE 1-2 Charge to the BEIR VI committee

Radiation Biology and Carcinogenesis
• Evaluate experimental evidence on inverse dose-rate relations and its implications.
• Attempt to correlate risks of radon-induced lung tumors with those of tumors induced by

external exposure to low-LET radiation.
• Examine in more detail the induction and repair of molecular changes after exposure to

alpha particles.

Exposure-Dose Relations
• Gain access to additional information that is relevant to radon dosimetry from the use of

noninvasive methods for monitoring ventilation and from an improved model.
• Use activity-weighted size-distribution data that have become available on residences.
• Use the recent data on growth of particles from various sources typically found in homes.
• Use biologic dosimetry to reduce the uncertainties associated with the exposure-dose

relationship and apply the reduced uncertainties in various aspects of lung dosimetry to
risk calculations.

Studies of Miners
• Critique the recently completed  analyses of pooled data on 11 cohorts and whatever new

risk models emerge from them and use the database to suggest additional analyses.
• Model the pooled data with emphasis on biologically-driven modeling.
• Formally evaluate sources of exposure error in the miner cohorts and the consequences of

those errors for risk estimation and risk assessment.

Studies of Lung Cancer in the General Population
• Evaluate and interpret the results of completed case-control and ecologic studies, including

evaluation of their limitations and uncertainties.
• Determine the appropriate role of case-control studies in developing a risk model of

residential exposure to radon.
• Make general recommendations regarding the potential role of case-control studies that are

not yet complete.
• Estimate the statistical power of the completed studies for various end points as a group

and identify the expected upper and lower confidence limits according to the assumptions
of the recommended model and alternative models.

• Estimate the potential of the completed studies for providing information on the modifying
effects of smoking and other factors, taking into account uncertainties in exposure
estimates.

• Make recommendations on the desirability of initiating new case-control or ecologic
studies of residential radon exposure.

Modifications to the Phase 1 Recommendations
• Assess the validity and scientific reliability of analytic approaches used by various

investigators.
• Examine in detail the interaction between radon exposure and cigarette-smoking on the

basis of data on US and other miners.
• Reexamine the effect of the rate of exposure to radon on the incidence of lung cancer.
• Critically examine exposure estimates for miner cohorts and reassess the consequences of

the exposure rates.
• Propose, in light of the phase 1 findings, a mathematical model of risk based on more

complete and up-to-date U.S. and international miner data.
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Most of those projected deaths are attributable to the lower range of exposures,
well below the exposures and exposure rates sustained by the miners, so there is
substantial uncertainty as to the total burden of lung cancer resulting from in-
door radon.  The agency’s action guideline of 148 Bqm–3 (4 pCiL–1) is also in
this range, as are the action levels set by other countries.  The BEIR VI commit-
tee therefore characterized the certainty that could be attached to risk estimates
made with its model, moving from a high level of confidence in estimates at
exposures comparable with those received by the underground miners to a
substantially lower degree of confidence in estimates related to typical indoor
exposures.

CRITICAL ISSUES

The BEIR VI committee identified 6 issues deemed critical in characterizing
the risks associated with indoor radon.  Each deals with a point of uncertainty in
formulating a risk model and estimating the risk posed to a population by indoor
radon.  In the review of the evidence, those critical issues served as points of
synthesis for identifying the limits of current evidence for risk assessment.  The
issues are briefly described here.

Extrapolation from Higher to Lower Exposures

Early in its work, the committee recognized that the evidence on quantitative
risks from studies of underground miners would remain the principal basis for
estimating the risk associated with indoor radon.  Most of the evidence from the

• Assess the role of arsenic, silica, and other contaminants in mines on the consequences of
exposure.

• Examine the uncertainties associated with the miner studies.

Analysis of Data from Studies of Residential Exposure
• Critically review studies and comment on their strengths and weaknesses and their current

and future roles in risk assessment.
• If EPA and BRER agree that is feasible, update the assumptions and estimates in the

Research Council report that compared miner and home dosimetry, focusing on recent data
on such physical and biologic factors as aerosol size distribution, ultrafine fraction,
equilibrium fraction, and hygroscopicity and deposition of radon daughters in the
respiratory tract.

• Test and possibly revise models in light of available residential data.
• Consider the contribution of radon-220 to risk in mines and homes.
• Examine the effects of age, sex, and smoking on radon-associated risk.
• Incorporate concepts from cellular and molecular biology into models for risk assessment.

TABLE 1-2 Continued
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miners is based on cumulative exposures at least 10 times the estimates of typical
lifetime residential exposure, that is, about 0.049 Jhm–3 (14 WLM) (NCRP 1984).
Consequently, extension of risk models based on data from miners to the general
population rests on extrapolation below the exposure range of most of the miner
data.  A linear-nonthreshold model has been assumed for this purpose by other
groups developing radon risk models, including the BEIR IV committee (NRC
1988).  Risk projections are sensitive to the extrapolation model chosen.  For
example, a model that incorporated a threshold at lower levels of exposure, such
as, below the mean of about 0.0035 Jhm–3 (1 WLM), would project far fewer
radon-caused lung cancers than a nonthreshold model, because of the distribution
of population exposures (Figure 1-4).

Extrapolation from Higher to Lower Exposure Rates

The underground miners included in the epidemiologic studies typically
received their occupational exposures to radon over several years (Lubin and
others 1994).  However, exposure to indoor radon takes place across the full
lifetime, so exposure rates are generally far lower for the radon exposures re-
ceived by the general population than for the exposures received by the miners in
the epidemiologic studies.  The analysis of pooled  data on 11 cohorts of under-
ground miners indicated an inverse exposure-rate effect; that is, the effect of
exposure increased as the rate at which the exposure was received diminished
(Lubin and others 1994).  Laboratory systems have shown a parallel inverse dose-
rate effect for some end points (NRC 1994).  The BEIR VI phase 1 committee
recognized that the full BEIR VI committee would need to address the extrapola-
tion of exposure-rate effects for exposures received by the miners to those typi-
cally received by the general population.

Interactions of Radon Progeny with Other Agents

Lung cancer can be caused by a number of inhaled environmental agents,
including tobacco smoke (Table 1-1) (Lubin and others 1995).  Agents in the
mining environment other than radon progeny have been associated with lung
cancer, including diesel exhaust, arsenic, and silica.  Those agents might poten-
tially confound the relationship between radon progeny and lung cancer or modify
the risk associated with radon progeny.  The majority of the miners included in
the epidemiologic studies also were probably cigarette smokers, although the
information on smoking in the various cohorts is incomplete (Lubin and others
1994).  Exposure to radon progeny is an established cause of lung cancer in those
who have never smoked (NRC 1988), but the risks to ever-smokers and never-
smokers have not been separately characterized with great precision.  Lack of
information on the combined effect of smoking and radon introduces uncertainty
in extending a risk model based on data from miners to the general population.
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Interpretation of risk projections for the general population is further clouded by
synergism between smoking and radon progeny:  some lung-cancer cases reflect
the joint effect of the two agents and are in principle preventable by removing
either agent.

Susceptibility

The development of lung cancer is considered to be a multistep process
involving a sequence of genetic changes that ultimately results in malignant
transformation.  A rapidly growing body of literature describes some of these
changes, for example, in tumor-suppressor genes and oncogenes (Economou and
others 1994).  There are many points in this sequence, from carcinogen metabo-
lism to DNA repair, at which genetic susceptibility might influence lung-cancer
risk.  In fact, there is descriptive evidence from epidemiologic studies that a
family history of lung cancer is associated with increased risk (Economou and
others 1994).  The evidence has not addressed radon progeny specifically, but it
was deemed sufficiently compelling by the BEIR VI committee to warrant its
being considered as one of the critical issues.  In particular, the committee con-
sidered the implications of identifying population groups at risk for lung cancer
generally or for  lung cancer caused by radon progeny specifically.

Links Between Biologic Evidence and Risk Models

The BEIR VI phase 1 committee recognized that key sources of uncertainty
listed above as the first 4 critical issues would be best addressed by risk models
that directly reflect current biologic understanding directly and are not simply
empiric and based on analysis of observational data.  The assumptions to be made
with regard to the relationship between exposure and risk and with regard to the
inverse exposure-rate effect were judged to be particularly critical.  Consequently,
the phase 2 committee was constituted to include the full range of scientific
disciplines concerned with radon carcinogenesis, and a subcommittee, the Mo-
lecular and Cellular Working Group, synthesized the evidence with a goal of
providing guidance to a second subcommittee, the Risk Modeling Working
Group.

Signatures of Radon Effects

Lung cancer constitutes a clinically and histologically heterogeneous group
of malignancies.  There are 4 principal histologic types: squamous cell carci-
noma, adenocarcinoma, small cell carcinoma, and large cell carcinoma.  Each has
somewhat different clinical characteristics.  In addition, substantial heterogeneity
at the molecular level has been demonstrated with markers of genetic change.
This heterogeneity, initially at the light-microscopy level and now at the genetic
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level, has motivated investigations to determine whether specific lung cancers
can be linked to radon; that is, is there a “signature” that identifies a particular
cancer as caused by radon?  Demonstration of a signature would add specificity
to risk assessments and even permit the designation of lung cancers in individuals
as caused by radon or some other factor.  The committee reviewed the literature
for evidence of signatures of radon-related lung cancer

OVERVIEW OF COMMITTEE RISK ASSESSMENT

The committee’s approach to assessing the risks associated with indoor ra-
don had multiple components.  Analysis of the miner data supplied a model
describing the relationship between cumulative exposure to radon and lung-
cancer risk; that model development is described in chapter 3 and appendix A.
The greatest proportion of the population’s exposure to radon is at the lower end
of the distribution of residential concentrations (Figure 1-4), a distribution which
results in exposures across the lifespan substantially lower than the cumulative
exposures received by most of the miners in the epidemiologic studies.

As a basis for selecting the preferred exposure-response model, the commit-
tee reviewed relevant biologic information on mechanisms of DNA damage by
alpha particles and the dosimetry of alpha particles at exposures relevant to
environmental exposures.  This review, described in chapter 2, led to the conclu-
sion that, at typical indoor exposure levels and over a typical lifetime, target-cell
locations in the respiratory tract would be traversed by no more than a single
alpha particle.  Even allowing for DNA repair and cellular lethality, such a single
alpha-particle traversal is known to produce, with significant probability, large-
scale damage to the DNA in surviving traversed cells.  Thus, at low exposure
levels, a further decrease in the exposure would result in a proportionate decrease
in the number of target cells traversed by single alpha particles, and thus suffering
large scale DNA damage.  Each of these heavily damaged traversed cells would
still be expected to show the same probability of initiating the sequence of events
that ultimately lead to carcinogenesis.  Taken together, these observations pro-
vide a rationale for the committee’s assumption that the dose-response relation-
ship for radon-induced lung cancer is likely to be best described by a linear model
with no threshold in dose.

The committee noted, as discussed elsewhere in this report, that statistical
considerations preclude a direct investigation of low-dose thresholds for radon-
induced carcinogenesis, at least in human populations.  However, the view of the
committee was that the mechanistic and experimental considerations were suffi-
ciently compelling to support assumption of a linear/nonthreshold dose-response
relationship at low radon exposures.  It is also important to note that the linear/
nonthreshold approach which the committee has adopted is based on mechanistic
considerations relating to the nature of alpha-particle induced energy deposition
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and damage; whether these considerations also hold for other carcinogens, such
as x rays, was not an issue that was addressed by the committee.

In developing its risk model, the committee conducted analyses of the full
miner data set and additional analyses limited to the exposure range of < 0.35
Jhm–3 (less than 100 WLM) and focused on < 0.175 Jhm–3 (less than 50 WLM)
which is an exposure range involving less than one alpha-particle traversal per
cell nucleus location depending on the assumed target cell.  An exposure of 0.35
Jhm–3 (100 WLM) results in about 0.84 traversals for basal cell nuclei, about 1.88
traversals for bronchiolar secretory-cell nuclei, and about 3.25 traversals per
bronchial secretory-cell nuclei.  Additional details regarding alpha-particle tra-
versals of basal- and secretory-cell nuclei can be found in Harley and others
(1996) who used a large data base of bronchial-cell nuclei morphometry.  The
committee’s preferred risk model describes lung-cancer risk with a linear non-
threshold relationship between exposure and risk.  The model describes risk as
time-dependent  and age-dependent.

When the risk model is applied to the general population, possible differ-
ences between miners and the general population need consideration; that is,
similar exposures to radon progeny in homes and miners may not result in the
same doses of alpha energy for target cells.  Following the approach of the BEIR
IV committee, the BEIR VI committee used a mathematical model of the lung to
calculate doses to target cells received by miners and by the general population
for a given exposure.  Those doses were used to determine whether an adjustment
was needed in extending risks from miners to the general population.

The committee’s model describes the increase in the relative risk of lung
cancer associated with exposure to radon progeny.  To project the lung-cancer
risks associated with exposure to indoor radon, the committee needed to assume
a background rate of lung-cancer mortality.  Assumptions will also be needed to
extend the model to the full life span, to women, and to ever-smokers and never-
smokers.  The bases for these assumptions and associated uncertainties are de-
scribed in the report.
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2

The Mechanistic Basis of
Radon-Induced Lung Cancer

INTRODUCTION

This chapter summarizes the current state of knowledge of the various pro-
cesses that are presently considered to be involved in the induction of cancer by
radon progeny.  Inclusion of the chapter was motivated by the desirability of
providing, where possible, a biological and mechanistic framework for epidemio-
logic analysis of risk models.  Various components of the process of radon-
induced carcinogenesis are understood to some degree, but we do not yet have a
complete mechanism-based understanding of the entire process.  In particular,
although our understanding of the various radiation-related components (such as
the effects of dose and dose rate) is at least semiquantitative, our knowledge of
the various steps in the carcinogenic process (particularly at the genetic level) is
at best qualitative in spite of important research findings since the publication of
the report of the 4th Committee on the Biological Effects of Ionizing Radiations,
BEIR IV (NRC 1988).

Consequently, systematic quantitative mechanism-based (biophysical) mod-
eling of the entire process of lung-cancer induction by radon progeny is beyond
present capabilities.  However, some elements, such as dose-rate effects, can be
modeled on the basis of specific assumptions and used to guide epidemiologic
analyses and risk modeling.

In broad terms, the types of information available on radon carcinogenesis
can be characterized as molecular, cellular, animal, and human.  All contribute to
our current understanding of the mechanistic basis of alpha-particle induction of
lung cancer.
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A principal justification for studying cancer cells in vitro, abstracted from
the entire organism, is that a neoplasm is usually considered as arising from a
single cell that has undergone a critical change.  Evidence of that includes the fact
that some malignancies can be propagated by a single cell, and many, but not all,
tumors have been shown to be monoclonal in origin, in that every cell carries the
same biochemical marker (for example, Pathak 1990).  It is important to note that
many steps are involved from the malignant transformation of a single cell to the
development of an overt neoplasm, including tissue response and potential im-
munological factors (Nagarkatti and others 1996), and care must be taken in
directly extrapolating exposure and dose-response relationships for cells exposed
to low doses of high-LET particles to risk for the development of cancer.

Cellular and molecular research  generally focuses on early changes induced
by radon and attempts to understand the mechanisms involved in production and
repair of these changes.  Such mechanistic understanding is essential to evaluate
the response of cells to environmental radon exposure in which only a small
fraction of the cell population interacts with the alpha particles.  However, the
role and progression of these cellular and molecular changes in the development
of disease also can be addressed with experimental-animal studies.  It should be
noted that although many of the studies discussed in this chapter used interactions
of bronchial tissue with alpha particles as the experimental model, there is a much
greater base of information on interactions of x rays with other target tissues.
When appropriate, we draw inferences from these other experimental models,
but such conclusions will inevitably be less certain than those derived from
experiments with alpha particles and bronchial tissue, the target tissue for radon-
induced damage.

As the cells of a cancer grow and divide, progressive stages, or steps, from
preneoplasia to malignancy can be identified.  Those steps have been described as
initiation, promotion, and progression.  The progressive nature of  carcinogenesis
has been known for many years; it was first described in phenomenologic terms
for skin cancer in animals.  With sputum cytology, it has been possible to use
histologic changes in lung cells as a predictive measure of bronchogenic cancer
(Saccomanno and others 1988).  The progressive cellular changes suggest a
multistage process during the development of radon-induced lung cancer.  More-
recent evidence of the multistep nature of cancer has come from studies of the
clinical progression of colorectal cancer from polyp to metastatic cancer (see, for
example, Fearon and others 1990).  Those studies have demonstrated an associa-
tion between  the clinical progression of the cancer—from a benign state, through
nonmalignant adenomas, to full-blown cancer—and the activation of oncogenes,
the loss of antioncogenes, and other chromosomal changes.

Although the multistep nature of radiation carcinogenesis is almost certainly
true, it is as yet only a qualitative observation.  Our current state of knowledge
precludes systematic quantitative understanding of all the various steps from
early subcellular lesions to observed malignancy, and of the potential influence
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that these multiple steps can have on the shape of the dose-response relationship
at low doses.

RADIATION AND ONCOGENES

The identification of oncogenes and findings on their role in human cancer
have made it possible to understand why agents as diverse as retroviruses, ioniz-
ing radiation, and chemicals can result in tumors that are indistinguishable from
one another (Bishop 1983; Bishop and Varmus 1984).  A retrovirus can insert a
gene into a cell, and radiation and chemicals can produce a mutation in a gene
that is already in the cell; all can activate oncogenes.

A central feature of oncogenes is that they act in a dominant fashion.  The
presence of a single copy of an activated oncogene in a cell is sufficient to
produce a transformed phenotype, even in the presence of a normal copy of the
gene (Lee and others 1987). Cells that are already immortal, such as NIH 3T3
mouse cells, can be transformed to a malignant state by transfection with a ras
oncogene.  Primary rat embryo fibroblasts, which are short-term cultured cells,
are not transformed by the ras gene alone or by the myc gene alone, but can be
transformed by transfection of the cells with both myc and ras  (Land and others
1983).  That is interpreted to mean that the myc gene confers immortality, whereas
the ras gene produces the change reflected in morphology (Land and others
1983).  Generally, at least 2 activated oncogenes in cooperation are needed to
convert a primary cell to a tumorigenic line (Hunter 1991).  Oncogene products
that act in the nucleus cooperate most efficiently with products that act in the
cytoplasm, as exemplified by the combination of ras and myc.

Over 100 oncogenes have been identified in human cancer; most belonging
to the ras family.  However, activated oncogenes are associated with 10-15% of
human cancers and tend to be found more commonly in the leukemias and lym-
phomas and less commonly in solid tumors.  Oncogenes have been shown to be
activated by a range of genetic changes, for example by point mutations, as in ras
(Bos 1990); deletions, as in Nmo-1 (Petersen and others 1989);  reciprocal trans-
locations, as in myc (Dalla-Favera and others 1983); and gene amplification, as in
myc (Brodeur and others 1984).

Ionizing radiation, including alpha radiation, is not particularly efficient at
producing point mutations, but it does produce large interstitial deletions and
reciprocal translocations with high efficiency (for example Evans 1991; Metting
and others 1992; Searle and others 1976).  Consequently, in assessment of  the
predominant initial radiation damage—the first of the many steps by which alpha
particles can induce cancer—deletions or translocations seem to be the most
likely candidates for the first changes.

Numerous experimental and epidemiologic studies have demonstrated that
radiation can cause cancer (Martland 1931; Court-Brown and Doll 1958; Beebe
and others 1962).  That it does so via direct or indirect alterations to DNA is clear
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in in vitro studies, such as those of Borek and others (1987) in which DNA
isolated from radiation-transformed C3H10T1/2 cells was shown to transform
recipient cells after transfection.

The molecular mechanisms of radiation-induced transformation are un-
known.  Several studies have used indirect methods to attempt to identify onco-
genes in radiation-transformed cells (Guerrero and others 1984; Shuin and others
1986; Hall and Hei 1990).  One approach has been to search DNA isolated from
radiation-transformed cells for mutations in known oncogenes. In that way, K-ras
and N-ras were shown to be activated in some of the mouse lymphomas induced
by gamma radiation (Newcomb and others 1988); it is not known, however,
whether these are the initial radiation-induced changes. Another approach has
been to determine whether any known oncogenes are overexpressed in trans-
formed cells.  This requires measuring  mRNA in known oncogenes.  Two studies
used the method to examine gamma-irradiated C3H10T1/2 cells (Schwab and
others 1983; Krolewski and Little 1989).  Each used several overexpressed, cloned
oncogenes as probes, but they could not identify an oncogene; both speculated on
the possibility that gamma radiation could activate an as-yet-unidentified onco-
gene.  A more-recent direct approach to the question has been to isolate the
oncogenes present in the transformed cells.  Such an approach was used in an
attempt to isolate an oncogene from gamma-irradiated C3H10T1/2 cells (Hall and
Freyer 1991).  Many cloned oncogenes have been tested by hybridization and
were negative so the gene has not yet been identified.  Later experiments by Hei
and colleagues (1994b) showed that a single small dose of alpha particles (30 cGy
of absorbed dose), corresponding to an average of a few particles per cell nucleus,
can cause human bronchoepithelial cells to become tumorigenic.  A dominant
gene is involved, inasmuch as  the phenotype can be transmitted by transfection.
Again, no known oncogene has been identified.  The data support the speculation
that one or more as-yet-unknown oncogenes can be involved in radiation-induced
transformation.

TUMOR-SUPPRESSOR GENES

Suppressor genes act recessively:  both copies must be lost or inactivated for
the cell to express the malignant phenotype.  Stanbridge (1976) showed that if a
hybrid was made by fusing a normal human fibroblast to a malignant HeLa cell,
the normal cell suppressed the expression of malignancy by the HeLa cell.  It was
shown further that if during the repeated subculture of the hybrid cells, chromo-
some 11 was lost, the malignant phenotype was restored.  It was inferred that
chromosome 11 in the normal human fibroblast contains a gene capable of sup-
pressing the malignant phenotype.  In later experiments, Saxon and colleagues
(1986) injected microcells containing a single human chromosome 11 into HeLa
cells and found that it suppressed their malignant phenotype; if chromosome 11
was lost from the cell, the malignant phenotype was restored.
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The importance of suppressor genes became evident from the work of
Knudson (1971) with retinoblastoma.  A familial form of retinoblastoma occurs
at a high rate and a sporadic form at a very low rate.  Knudson argued that in the
familial form 1 mutant allele with lost function is inherited from the affected
parent.  A somatic event during embryogenesis inactivates the normal allele
inherited from the unaffected parent.  Almost all the children of such pairs of
parents exhibit bilateral retinoblastoma.  In sporadic retinoblastoma, 2 somatic
mutations are necessary, the second in a descendant of a cell that suffered the
first.  Those double events are much less likely than a single event, so the inci-
dence of the sporadic form of retinoblastoma is much lower.  Knudson elaborated
the “2-hit hypothesis” in the early 1970s (Knudson 1971).  By the middle 1970s,
the location of the relevant gene was identified on chromosome 13 (Cavanee and
others 1985);  in the 1980s, the Rb gene was cloned and sequenced (Lee and
others 1987).  The Rb gene is present in all cases of retinoblastoma and associ-
ated sarcomas; it is sometimes present in cases of other tumors, such as small-cell
lung cancer, bladder cancer, and mammary cancer.

The action of radiation is a potential mechanism for deleting a suppressor
gene.  Alpha particles are particularly efficient at producing large deletions (for
example, Metting and others 1992).  Two radiation-induced breaks in the same
arm of a chromosome can readily result in a deletion.  Studies with defined
restriction cuts in cellular and plasmid DNA have indicated that small deletions
can also result from processing of single sites of DNA damage (Thacker 1994).

A suppressor gene acts recessively, so the deletion would have to occur in
both chromosomes of a pair; this would be a very low-frequency event. In prac-
tice, the loss of the pair of suppressor genes often occurs by the process of
somatic homozygosity (Cavanee 1989).  One chromosome of a pair is lost, a
deletion occurs in the other chromosome, and then the second chromosome and
the deletion are replicated.  Consequently, the cells in the tumor have 2 chromo-
somes that originated from the same parent.  That has been shown to be a mecha-
nism in retinoblastoma, small-cell lung cancer, and glioblastoma; the case of
glioblastoma is particularly interesting, inasmuch as somatic homozygosity must
occur in 2 different chromosomes for this high-grade tumor to be produced
(Cavanee 1989).

The list of suppressor genes whose location and function are known is grow-
ing steadily.  The 2 most common and most intensively studied are the Rb gene
and the p53 gene, both of which are directly involved in cell-cycle checkpoint
control (Kasten and others 1991; Smith and others 1994).

GENOMIC INSTABILITY

The multistage nature of cancer is one of the most pervasive hypotheses in
cancer research.  The idea is over 60 years old and continues to derive support
from research findings, such as recently from the work of Vogelstein and col-
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leagues (Vogelstein 1990; Fearon and others 1990) with hereditary colon cancer.
The progression from normal epithelium to metastatic cancer appears to involve
a number of mutations in different oncogenes and tumor-suppressor genes and
multiple chromosomal changes.

In the multistage formation of radiation-induced carcinogenesis, it is unclear
as to how a single relatively small dose of radiation could result in mutations in so
many different genes.  The induction of multiple mutations seems highly un-
likely, but data from the Japanese atomic-bomb survivors clearly show that a
modest dose of radiation can induce many types of solid tumors, including those
in the digestive tract.  A more likely possibility is that radiation causes mutations
in a gene responsible for the stability of the genome, which leads to a mutator
phenotype. The multiple mutations and chromosomal changes follow as a cas-
cade because of the induced instability as described below.

Both densely ionizing and sparsely ionizing radiation have been shown to
induce chromosomal and mutational changes that appear in the progeny of ex-
posed cells many generations after the initial exposure (Morgan and others 1996).
The changes can occur in a high proportion of the surviving irradiated cells even
after doses that give an average of only 1 alpha-particle traversal per cell.  Ex-
amples of radiation-induced changes that are used as indicators of genomic insta-
bility are chromosomal aberrations, gene mutations, and even tumor induction in
animal-model systems (Kennedy and Little 1984; Seymour and others 1986;
Gorgojo and Little 1989; Chang and Little 1992; Kadhim and others 1992, 1994,
1995; Sabatier and others 1992; Martins and others 1993; Marder and Morgan
1993; Selvanayagam and others 1995).  The high proportion of initially irradiated
cells that transmit the instability phenotype and the variety of events observed
suggest that this is not the result of a targeted effect of the initial radiation damage
of specific genes, but rather a consequence of more-generalized damage to the
cell; whether the initial damage is genetic or epigenetic is an unresolved question.
Induced genomic instability is transmissible to progeny cells and can persist for
multiple generations.  Although this is an attractive hypothesis to account for
carcinogenesis by low doses of high linear-energy-transfer radiation, typified by
single-particle traversals, the case is far from proved.

INDIVIDUAL AND GENETIC SUSCEPTIBILITY

There is much published evidence that many cancer-predisposing genes are
present in the human genome (Sankaranarayanan and Chakraborty 1995).  For
some tumor types, changes in these genes are responsible for a large fraction of
the total cancer frequency.  For example, 40% of children with retinoblastoma
carry a germ-line mutation in the RB1 gene (Vogel 1979; Cowell and Hogg
1992).  The tumor-suppressor gene p53 has been associated either directly or
indirectly with at least 50% of human cancers (Hollestein and others 1991),
although a causal link is less clear.
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There have been substantial breakthroughs in the molecular biology and
mechanisms involved in the genetics of breast cancer and about 5-10% of breast
cancers might be inherited (Newman and others 1988).  The BRCA1 gene has
been located on chromosome 17 (Hall and others 1990) and cloned (Miki and
others 1994). About half the inherited breast cancer and more than half the
ovarian cancers are thought to be associated with mutations in the BRCA1 gene.
With linkage analysis, a second gene (BRCA2) involved in breast cancer has
been identified (Wooster and others 1994).  It has been suggested that 1 or both of
those 2 genes might be responsible for up to 90% of all familial breast cancer
cases (Sankaranarayanan and Charkraborty 1995).  While the risk to the indi-
vidual carrying the mutated gene is very high, such mutations account for only
about 4% of the total breast cancer patients.  A larger proportion, perhaps 9 to
18% of all breast cancer, is associated with carriers of the ATM gene (Swift and
others 1991).

Another common cancer related to genetic breakthroughs is hereditary non-
polypotic colon cancer (Bodmer and others 1994).  Genes associated with certain
rare diseases such as ataxia telangiectasia (Shiloh 1995) and xeroderma pig-
mentosum (Kaur and Athwal 1989), have also been identified.  Some suggestive
evidence links lung cancer with several genes affecting carcinogen metabolism
(such as CYP2D6, CYP1A1, and GSTM1), but the links are quite speculative
(Caporaso and others 1995).

There is now considerable evidence that a substantial fraction of spontane-
ous cancers have a genetic basis (Cavenee and White 1995), and it has been
estimated that the prevalence of cancer-predisposing disorders is about 16 per
1,000 live births (Sankaranarayanan and Chakraborty 1995).  Some evidence has
been presented (for example, Swift and others 1991; Lavin and others 1994) that
ionizing radiation might interact with the genetic predisposition to increase the
frequency of radiation-induced cancer.  The current evidence for that hypothesis
is still relatively weak (for example, Hall and others 1992), but if a radiation-
sensitive subpopulation did account for most of the radiation-induced tumors of a
specific type, this would profoundly influence risk estimates.  Ataxia telangiecta-
sia heterozygotes, who probably constitute more than 1% of the U.S. population
(Swift and others 1986), are an example of such a relatively large subpopulation
that could, at least in principle, be at increased risk for radiation-induced carcino-
genesis (Swift and others 1991; Hall and others 1992; Lavin and others 1994).

The role of genetic susceptibility in the induction of cancer by environmental
insults, including low-LET radiation and radon exposure, has been reviewed by
Cox (1994a,b).  There is evidence from transgenic mice that cancer predisposi-
tion increases the frequency and decreases the latency of cancer formation initi-
ated by low-LET radiation (Kemp and others 1994).  In addition, a study of
patterns of inheritance in mice (Franko and others 1996) suggested a genetic
component to radiation-induced pulmonary fibrosis.  No such strong evidence
has yet been found in human populations.  For lung tumors, altered phenotypes
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and genotypes in several genes, such as the CYP family and GSTM1, have been
associated with tobacco-related cancers (Anttila and others 1994; Kihara and
others 1995), but the available data do not support a causal association between
these markers and cancer risk (Alexandrie and others 1994; Raunio and others
1995; Caporaso and others 1995).

Even though there is ample evidence that many cancers have a strong genetic
basis, the evidence that cells isolated from persons with cancer-predisposed geno-
types are more sensitive to radiation than are normal cells seems to be mixed
(Sanford and others 1989; Scott and others 1996).  In addition, the current evi-
dence that people with a cancer  predisposition are at higher risk for radiation-
induced cancers is limited.  However, current knowledge of the functions of the
cancer-predisposing genes, and of the consequences of their mutations consti-
tutes sufficient grounds for assuming that among the genotypes of those predis-
posed to cancer there are some that also convey increased risk for radiation-
induced cancers.  There is also sufficient rationale for attempting to estimate
quantitatively the effect  of genotype-dependent differences in cancer predisposi-
tion on sensitivity to radiation-induced cancer (Sankaranarayanan and Chakra-
borty 1995).  There is clear evidence of the existence of genes that are related to
susceptibility to many forms of spontaneous cancer, and these genes could also
be markers of an increase in susceptibility to radiation-induced cancer.  This
hypothesis remains to be proved.  As genes such as the ATM gene for ataxia
telangectasia are identified and sequenced, much attention will be focused on the
possibility that some persons have a genetically based susceptibility to radiation-
induced cancer (Sankaranarayanan and Chakraborty 1995), possibly including
lung cancer induced by alpha particles.  Present risk models do not include
individual susceptibility.

Further insights into the role of genetic predisposition can be gained from
comparison of the effect of radon in various animal species; there are marked
species differences in the responsiveness of experimental animals to radon.  Early
studies in dogs (Cross and others 1986), mice (Morken 1973; Palmer and others
1973), and Syrian hamsters (Palmer and others 1973; Cross and others 1981)
exposed to very high exposures of radon resulted in few lung tumors.  The tumor
incidence was 21% in dogs, zero in mice, and 1.3% in Syrian hamsters.  In
hamsters, there were no tumors at exposures below 108 Jhm–3 [30,000 working-
level months (WLM)].  Many of the exposures were high enough to result in
marked life-shortening which can decrease tumor frequency and short-term patho-
logic changes.  In contrast with dogs, mice, and Syrian hamsters, rats have a high
incidence of respiratory-tract tumors after exposure to radon (Chameaud and
others 1982; Cross and others 1984, 1986; Cross 1994a,b; Gray and others 1986).

The mechanistic bases of these interspecies differences are important to
define, but the current evidence suggests that prima facie species-to-species ex-
trapolations of absolute risk are unlikely to be useful since there are differences in
response observed following the same insult delivered to different species.  Thus,
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direct extrapolation of animal data to humans cannot be used to predict absolute
risk.  Data derived in humans can produce patterns of risk which might well be of
use (Brenner and others 1995), in that the endpoint remains the same but only the
radiation dose/dose rate/quality changes.

Research has been conducted to determine whether the resistance to radon in
Syrian hamsters relative to that in rats was related to delivered dose or induced
damage at the same level of exposure (Khan and others 1995).  Rats and Syrian
hamsters were exposed at the same time, which resulted in exposure to the same
radon level and dose, and the frequency of micronuclei as an indicator of radia-
tion dose was measured in deep-lung fibroblasts.  It was determined that the
exposure-response relationship for radon-induced micronuclei per Jhm–3 (WLM)
was higher in the Syrian hamster than in the rat.  That suggests that the dose and
damage to the lung cells were similar in the 2 species and that the amount of
chromosomal damage initially induced might not be related directly to the differ-
ences in species sensitivity for the induction of lung cancer.  Combining research
on cellular and molecular changes with whole-animal exposures could provide
some understanding of the basis of species and strain differences; these differ-
ences eventually might be related to individual changes in sensitivity for the
induction of cancer.

CELL-CYCLE EFFECTS

It is well established that ionizing radiation in general and alpha particles in
particular produce a dose-dependent delay in progression through both the G2 and
the G1 stages of the cell cycle (for example, Lucke-Huhle and others 1982;
Kasten and others 1991).  The G2 delay has been postulated to give the cell time
to repair damage before entering into mitosis (Maity and others 1994).  The G1
delay has been shown to depend on the function of the tumor-suppressor protein
p53 (Kasten and others 1991) and to be controlled to some degree by Rb gene
expression (White 1994). Tumor cells without p53 or with a mutated p53 have
lost their ability to respond to cell-cycle arrest after exposure to gamma rays
(White 1994).  The molecular mechanisms associated with radiation-induced
cell-cycle delay have been reviewed (Murnane 1995; Rowley 1996).  Cell-cycle
progression and delay constitute a multistep process that involves well-defined
temporal and spatial changes in expression, phosphorylation, and complex inter-
actions between the level and structure of proteins (Metting and Little 1995;
Murnane 1995; Rowley 1996).  The importance of DNA damage in producing
cell-cycle delay response and the importance of the delay in repair of genetic and
lethal damage have been demonstrated and reviewed for dividing mammalian
cells (Murnane 1995).

The information available on the response of cells to high-LET radiation
damage delivered in G0/G1 cells and in the role of cell-cycle delay in these cells
as they move from G0 into a cycling stage is far from complete.  Consequently,
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the role of cell-cycle delay in altering response or affecting risk associated with
indoor exposure to radon is not clear.  However, most respiratory tract epithelial
cells have rather long cell-turnover times of about 30 days (Adamson 1985), and
spend only a small fraction of the total time in stages of the cell cycle that are
most radiation sensitive.  Inasmuch as the dose rate and number of traversals per
cell are very low in the respiratory tract, the probability of alpha-particle traversal
in a cycling cell is very low.  In addition, the efficiency of cell killing by alpha
particles might also decrease the relevance of cell-cycle delay to a risk assess-
ment model.  Those considerations make it likely, although not certain, that cell-
cycle delay produced by environmental radon exposure plays a minor role in
changing potential response or risk.

APOPTOSIS

After exposure to ionizing radiation, mammalian cells die by one of 2 dis-
tinct processes.  The classic form of death has been called “mitotic death”; cells
die in attempting to divide as a consequence largely of complex chromosomal
aberrations (Carrano and Heddel 1973).  An alternative mode of death is by
“apoptosis,” or programmed cell death (Stewart 1994), which involves a charac-
teristic progression of phenotypic changes, including induction of DNA fragmen-
tation and the cell finally being phagocytosed by its neighbors.  The relative
importance of the 2 modes of cell death varies widely.  For some cell types,
apoptosis dominates; for others, apoptosis is seldom seen;  in yet others, they are
about equal.  In most self-renewal tissues, apoptosis is a common mechanism to
remove damaged or unwanted cells.  Radiation-damaged cells are no exception.
Failure of processes that lead to apoptotic death and removal of the damaged cells
presents an alternative pathway to carcinogenesis for a radiation-damaged cell
(Thompson 1995).  While apoptosis is generally associated with doses signifi-
cantly higher than doses usually attributed to radon progeny, apoptosis might be
present at low doses.

RADIATION-INDUCED PERTURBATIONS OF
CELLULAR PROLIFERATION

It has been demonstrated that changes in regulation of cell proliferation play
an important role in the development of cancer (Brooks and others 1982; Cohen
and others 1992), and it has been suggested that changes in cellular proliferation
can be used in risk assessment of exposures to carcinogens (Clayson and others
1989; Clifton and others 1991; Goldsworthy and others 1991).  It has also been
established that an increase in cell turnover in the upper and lower respiratory
tract follows experimental inhalation of radon (Taya and others 1994) and that, in
the nose and upper respiratory tract, this increase is related to the areas with the
highest radiation dose (Atencio 1994).
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The cell types and normal turnover rate in respiratory tract cells vary by the
region of the respiratory tract and the cell type involved (Adamson 1985).
Changes in cell kinetics in the respiratory tract have been demonstrated after
internal deposition of radioactive materials (Sanders and others 1989), external
radiation exposure (Adamson 1985), and inhalation of radon (Atencio 1994;
Bisson and others 1994; Taya and others 1994).

Taya and colleagues (1994) demonstrated an increase in the labeling index
(which reflects the proportion of cells synthesizing DNA) as a function of expo-
sure at 0.42-3.465 Jhm–3  (120-990 WLM) in rat alveolar, bronchiolar, bronchial,
and tracheal epithelial cells over a range of times after exposure.  The maximal
increase in proliferation was at 14 days for all 4 regions of the respiratory tract.
In studies of the nose and upper respiratory tract, Atencio (1994) demonstrated a
similar time-dependent increase in cell proliferation after exposure to 0.595 Jhm–3

(170 WLM) of radon progeny.  The labeling index increased after the end of the
exposure to a peak  between 14 and 50 days and then returned  nearly to back-
ground levels.  The increase was observed only in the trachea, the nasal septum,
and the middle section of the larynx.  Several of these regions were calculated to
have high deposition for vapors (Kimbell and others 1993) and small particles
(James 1994).  In rats, the bronchial region, which is calculated to be at greatest
risk for cancer induction, also receives the highest dose and responds with the
highest cell-proliferation response to inhaled radon.  Overall, the findings suggest
a relationship between initial dose and changes in cell proliferation.

However, in considering these results, it is important to recognize that over-
all exposure rates differ widely; in studies of rats, a few weeks to months, in
miners, a few years to about half the lifetime, and in residential exposures, a
lifetime.

Radon-induced tissue damage and cell killing increases cell turnover to
replace damaged cells (Taya and others 1994).  This radon-induced increase in
cell proliferation can result in repair of tissue damage.  Apoptosis can eliminate
damaged cells directly and normal and enhanced cell proliferation can also
eliminate damaged cells at mitosis (Carrano and Heddle 1973) potentially re-
ducing the risk for cell transformation and cancer.  On the other hand, changes
in cell kinetics have the potential to increase clonal expansion of altered or
mutated cells increasing risk.  Cell proliferation is a required step during cancer
induction without which cancer cannot form, thus, enhanced cell proliferation
can be viewed as a mechanism of either tissue repair or promotion of the cancer
process.

CELLS AT RISK

To determine the dose, energy distribution, and cellular processes essential
for radon-induced carcinogenesis, it is important to identify the respiratory tract
cells at risk from radon exposure.  In radon-inhalation studies, the cells of the
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respiratory tract receive the highest radiation dose and are presumably at the
highest risk (NRC 1988).

The differences in tumor incidence at different locations in the respiratory
tract might have a purely dosimetric explanation or might imply that some cells
are more sensitive to transformation by radiation than others.  For example, no
tracheal tumors were reported in rats exposed to radon, even though it has been
estimated that the tracheal epithelium receives a larger dose for a particular
exposure than do fibroblasts in the deep lung (Brooks and others 1990b; Khan
and others 1994).  It also has been demonstrated in tracheal epithelial cells that
radon inhalation can cause the induction of early stages of cell transformation by
producing enhanced-growth variants—cells that continue to grow in selective
media (Thomassen and others 1990); this suggests that tracheal epithelial cells
have the potential to produce cancers.  The lack of tumors in the trachea suggests
differential cell- and tissue-specific responses to alpha particles.

Tumors in humans arise primarily in the segmental and subsegmental airways
(Saccomanno and others 1996), in contrast with tumors in rats, which are found
deeper in the lung.  Identifying the cells at risk for the induction of cancer in
humans is important from both a biologic and a dosimetric standpoint; but it is
difficult, and our  understanding is still  uncertain (Masse and Cross 1989).  Recent
human studies (Saccomanno and others 1996) have examined the spatial distribu-
tion of lung cancer in ever-smokers that mined or did not mine uranium.  A major
observation was that the frequency of small-cell lung cancers in the central region
of the lungs of uranium miners that smoked cigarettes was higher (30.8% of the
total) than observed in the same region of non-miners (10.6%).  This region re-
ceives the highest radiation dose to lung epithelial cells (appendix B).

Histogenesis of tumors in the tracheobronchial region suggests a common
epithelial progenitor cell.  It has long been assumed that the basal cell is most at
risk (Ford and Terzaghi-Howe 1992a) because its role in repopulation and differ-
entiation is seen as  similar to that of the basal cells in other tissues, such as the
skin. Ford and Terzaghi-Howe (1992a,b) showed  that isolated basal cells from
the rat trachea are the cells that are capable of growth in vitro and in vivo; that
suggests that they are the precursor cells for the induction of tumors.  Electron
microscopy and immunohistochemistry have revealed that individual tumor cells
coexpress features associated with several different tumor types (McDowell and
Trump 1984).  Uses of  transfection techniques with oncogenes also has sug-
gested that there is a common cell of origin for the induction of tumors in the
respiratory tract (Pfeifer and others 1991; Amstad and others 1988).

Other  lines of research have suggested that the major airway epithelial cell
type at risk for radon-induced cancer is the secretory cell (Johnson and Hubbs
1990; Johnson 1995).  It has been demonstrated that in rat trachea, secretory cells
constitute a major progenitor cell compartment.  Secretory cells proliferate in
response to physical or chemical trauma and are involved in repair and mainte-
nance of the tracheobronchial lining (Keenan and others 1983).  Studies with
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denuded tracheal grafts showed that secretory cells that were isolated with a cell
sorter could reestablish an epithelium composed of basal, secretory, and ciliated
cells.  When pure populations of basal cells were used, only basal and ciliated
cells were found in the repopulated graft.  Those findings suggest that secretory
cells can differentiate to form all the cell types in the trachea, whereas basal cells
have more-limited capacity to differentiate.  The observations that both cell types
can divide and differentiate, point to the potential role of the secretory cell in
radon-induced cancer induction.

The cells involved in radiation-induced tumors in the pulmonary paren-
chyma, as opposed to the airways, also are unidentified.  Adenocarcinomas are
thought to arise in the peripheral lung and display both mucous and serous cell
differentiation.  Bronchioloalveolar tumors, however, possess features of both
Clara cells and alveolar type II cells.  Clearly, cells can share common differen-
tiation pathways during insult and the progression to cancer.  These observations
indicate that using tumor-cell structure as an indicator of the cells at risk in the
peripheral lung might be misleading.

Robbins and Meyers (1995) have conducted extensive studies to define the
cell populations in the human respiratory tract that are capable of cell division
and thus might serve as the progenitor cells for respiratory tract cancer.  They
have determined that both basal and suprabasal cells are dividing in human
tracheobronchial mucosa and that the suprabasal cells proliferate more frequently
than the basal cells.  From that observation, they developed a model that suggests
two different stem-cell populations, which they call reserve stem cells (basal
cells) and transient-amplifying stem cells.  The transient-amplifying stem cells
can, as demonstrated by Johnson and Hubbs (1990), give rise to all the different
cell types, whereas the reserve stem cells renew the transient-amplifying stem-
cell population and give rise to a narrower range of cell types.

TARGET SIZE

A growing, although still small  body of scientific literature suggests that the
number of cells that  respond to alpha-particle radiation is greater than the num-
ber of cells traversed by alpha particles.  Hickman and colleagues (1994) found
that exposure of lung-epithelial cells to small doses of alpha particles from a
238Pu source caused an increase in expression of the p53 gene in many more cells
than were calculated to have been traversed.  They concluded that the hit cells
had communicated with the cell population and caused the remainder of the cells
to respond.  Thus,  the target for interaction with alpha particles could be much
larger than the cell nucleus.

It also has been demonstrated in both human and rodent cells that after
exposure of cells to low doses of alpha particles, the number of cells with an
increase in the frequency of sister-chromatid exchange (SCE) aberrations was
larger than the number of cell nuclei traversed by alpha particles (Nagasawa and



Copyright © National Academy of Sciences. All rights reserved.

Health Effects of Exposure to Radon: BEIR VI
http://www.nap.edu/catalog/5499.html

BASIS OF RADON-INDUCED LUNG CANCER 49

others 1990; Nagasawa and Little 1992; Deshpande and others 1996).  Again,
both intercellular communication and tissue-culture factors could be involved in
these changes.  It is important to note here, however, that SCE formation is
unlikely to be relevant in carcinogenesis.

Brooks and his colleagues (1990a) have demonstrated that when cells were
exposed simultaneously to very low doses of alpha particles (6 cGy) and x rays,
the response to the x rays with respect to both cell killing and induction of
micronuclei was markedly increased.  That suggests that the alpha particles
change the responsiveness of the whole cell population, even though only a small
percentage of the total cell population was traversed by alpha particles.  The
studies were conducted with confluent lung epithelial cells, so the damaged cells
could potentially transmit information to neighboring cells.  Clastogenic factors
have also been isolated from the blood of Chernobyl accident victims; these
factors remained in the blood for years after the exposure (Emerit and others
1995).

The significance of cellular responses in “bystander” cells in the develop-
ment of radiation-related disease and risk cannot be defined at this time.  How-
ever, since cellular changes can be induced in more cells than are traversed by
alpha particles, it might be necessary to redefine target size for alpha particles to
include a much larger volume than the cell nucleus through which the radiation
traverses.

Thus, the long-accepted assumption that causing a heritable effect, such
as cancer, requires a track to pass through the nucleus of affected cells is no
longer unequivocal, in that now there is limited evidence that an ionizing
event in 1 cell can affect its neighbor(s).  The data are intriguing, but there is
no real evidence that cells that are adjacent to traversed cells are damaged in
such a way as to be transformed to a malignant state, nor has a cellular or
molecular mechanism been proposed for how this could occur.  In any case,
the so-called bystander effect is unlikely to affect the concept of linearity.  For
a low dose-rate alpha-particle exposure, the number of cells traversed, say per
year, is a small fraction of the total and doubling the dose approximately
doubles the number of cells traversed by a track (rather than doubling the
number of tracks in each cell, as with x rays).  Consequently, the linear rela-
tionship between dose and effect is still the most tenable, whether the carcino-
genic event results from a direct effect on the cell concerned or from an
indirect effect from damage to a neighboring cell.

THE SPECIAL NATURE OF BIOLOGIC DAMAGE
INDUCED BY ALPHA PARTICLES

Alpha particles, which produce a high density of ionizations along their path
(high-LET), differ greatly from sparsely ionizing (low-LET) radiations, such as x
rays in their microscopic, spatial, and temporal patterns of interactions with cells,
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subcellular structures, and molecules (see Figure 2-1).  Insult from alpha particles
is concentrated in a relatively small number of densely ionizing tracks that each
traverse a cell in less than 10–12 s and deliver to it a large localized energy (about
10-50 cGy).  In addition, in the case of alpha particles, relatively more of the
individual damage is due to direct ionizations in the DNA rather than to hy-
droxyl-radical reaction, and it is more clustered on the scale of DNA and chroma-
tin.  For any radon exposures of practical relevance, a given cell in the lung is
likely either to be unirradiated, to receive an instantaneous large energy deposi-
tion from a single alpha particle, or to receive a small number of such large
energy depositions, each well separated in time by months or years.

For example, even for a miner in the highest-exposure cohort receiving 2.8
Jhm–3 (800 WLM) over 5 years, a cell nucleus in the bronchial epithelium is
estimated to receive on the average only about 1-5 alpha-particle traversals per
year (Table 2-1).  In contrast, a similar absorbed dose to the lung from gamma
rays would imply that each cell nucleus had received a very large number (about
104) of low-LET electron tracks, at the rate of about ten per day.

To calculate the dose to individual cells in the respiratory tract it is necessary
to know the traversal number and the distance of the cells from the surface of the
airways.  The anatomy of the airway is discussed in appendix D on comparative
dosimetry to illustrate the location of the cells of interest.  To calculate the
traversal number it is essential to define the location of the cell relative to the
surface and the thickness of the mucus on the airway.  Average values of mucus
thickness at each of the anatomical locations were considered in the dose calcula-
tions.  The hit numbers for different cellular locations and cell types are illus-
trated in Table 2-1.  The variation of mucus thickness would be greater in the
upper respiratory tract, nose and trachea, than in bronchus or bronchioles.  Since
the major site of cancers are in the smaller bronchus and bronchioles, the varia-
tion in mucus thickness was not considered as a major source of uncertainty in the
dose calculations.

At the DNA level, also, there is a substantial difference between the spec-
trum of initial ionization damage from alpha particles and from gamma rays.
Alpha particles produce more large clusters of multiple ionizations within the
DNA and in adjacent molecules than do gamma rays (Goodhead and Nikjoo
1989).  Considerations of track structure and radiation chemistry lead to the
expectation that this will result in severe locally damaged sites (clustered dam-
age) that the cell is less likely to be able to repair (Goodhead 1994; Ward 1994).
Although the chemical nature of the individual single-strand breaks and base
damages might not depend on the radiation type, their repairability could be
influenced by the presence of the additional damage.  The measured gross yields
per Gy of initial DNA double-strand breaks (DSBs), irrespective of complexity,
are about the same for alpha particles and gamma rays, according to recent
measurements (Prise and others 1987; Charlton and others 1989; Brenner and
Ward 1992; Jenner and others 1993; Prise 1994).
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FIGURE 2-1 Illustration of the differences in ionization-track densities in a cell nucleus
between low-LET and high-LET radiations.
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Reduced cellular repair of initial DNA DSBs caused by alpha particles and
other high-LET radiations, relative to x rays has been observed (Ritter and others
1977; Coquerelle and others 1987; Blocher 1988; Fox and McNally 1990; Jenner
and others 1993).  Greater complexity and reduced repairability of alpha-particle
induced breaks have been indicated also by studies with radical scavengers in
mammalian cells (de Lara and others 1995) and in plasmid systems (Jones and
others 1993; Hodgkins and others 1996).  Association between separate DSBs
produced by the same particle track can also occur because of the higher-order
DNA-chromatin structure.  It has been suggested that the high-LET particles can
therefore yield an excess of DNA fragments of 0.1-2 kilobases (Holley and
Chatterjee 1996) and also very large deletions, up to about 200 kb, have been
observed (Löbrich and others 1996).  Such associations might make repair more
difficult and slower (Löbrich and others 1994).

Overall, even low-level exposure to alpha particles presents the “irradiated”
proportion of the exposed cells with very large instantaneous burdens of damage,
including severe clustered damage at the DNA level and multiple spatially corre-
lated damage sites from the same alpha-particle track within the cell.  Therefore,
it is possible that biologic consequences of alpha-particle exposure differ from
those of low-LET irradiation in both qualitative and quantitative respects (Good-
head 1988).

Low-dose alpha-particle induced radiation damage differs from damage
caused by x rays in that the potential to transmit viable mutations or aberrations
can be substantially reduced by cell death induced by the same single alpha
particle.  This single-track survival probability depends heavily on cell type and
geometry, varying from essentially zero to over 80%.  Such large variability
makes it difficult to extrapolate relative mutagenic or carcinogenic effectiveness
of alpha particles from effects of other kinds of radiation and from cell type to
cell type.

It can be inferred from the average number of alpha-particle traversals per
lethal event that the single-track survival probability for a given cell type depends
on the shape of the nucleus at the time of exposure.  The amount of energy
deposited per nucleus and the extent of the biologic response depend on both cell
and nuclear size and shape (Geard 1985; Raju and others 1993).  For a variety of
fibroblast cell lines, it was found that, for an alpha-particle of given energy, the
incidence of a lethal event was roughly constant per unit track length through the
cell nucleus at about 0.03-0.08 lethal events per micrometer (Goodhead and
others 1980; Roberts and Goodhead 1987; Raju and others 1993).  However, the
probability is greater for radiosensitive lines and some other cell types, including
hematopoietic cells (Lorimore and others 1993), and can in some cases lead to a
negligible single-track survival probability (Griffiths and others 1994).  Before
the advent of microbeam irradiators (described below), it was not possible to
measure directly the probability of cell survival after exposure to exactly 1 alpha
particle.
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Cellular and molecular studies have been conducted to define the nature of
radon-induced damage.  In many cases, other alpha-emitting radionuclide sources
or particle accelerators have been used to expose cells to high-LET particles.  A
recent development has been the construction of alpha-particle microbeams ca-
pable of delivering exactly 1 alpha particle to each cell in a dish (Geard and
others 1991; Braby 1992; Nelson and others 1996).  Such particle research makes
it possible to define the influence of LET and particle fluence on the induction of
a wide variety of end points (Cox and others 1977b; Lloyd and others 1979, 1984;
NCRP 1990; Goodhead and others 1991; Miller and others 1995).  It has been
well established that high-LET radiation, such as slow alpha particles, produces
greater amounts of biologic damage per unit of dose or energy absorbed than low-
LET radiation (Barendsen and others 1966; Brooks 1975; Goodhead and others
1980; Thacker and others 1982; Schwartz and others 1992; Evans 1993; Jostes
and others 1993; Piao and Hei 1993; Brooks and others 1994; Jostes 1996;
Simmons and others 1996).  The derived values of relative biologic effectiveness
(RBE) depend on the biologic effect under study, cell types, cell growth, and
conditions of irradiation.  A useful summary of the relationship between LET and
RBE has been published by the National Council on Radiation Protection and
Measurements (NCRP 1990).  In comparison with normal cells, the RBE for cell
inactivation by alpha particles is usually lower for cells that are very radiosensi-
tive because of a genetic defect (Cox 1982).

A review of studies on chromosomal aberrations demonstrated a linear dose-
response relationship for the induction of cytogenetic damage by high-LET ra-
diation, including alpha particles, and a linear-quadratic function was needed to
describe the induction of aberrations by acute exposure to low-LET radiation
(Bender and others 1988; NCRP 1990).  Dose fractionation or dose protraction
had little effect on the induction of chromosomal aberrations following exposure
to high-LET radiation (Brooks 1975; Bender and others 1989).  At the chromo-
somal level, alpha particles produce initial DNA breaks that are more closely
associated with each other than those produced by x rays.  Those differences
would be expected to result in increased yields of alpha-particle-induced aberra-
tions of the exchange type, such as translocations, which are indeed observed (for
example, Searle and others 1976).  In addition, the spectrum of aberrations,
including the occurrence of a high proportion of complex aberrations involving
more than 2 chromosomes, can be substantially altered even after few alpha-
particle traversals (Griffin and others 1994, 1995).

Several investigators (Bedford and Goodhead 1989; Cornforth and Goodwin
1991; Goodwin and Cornforth 1994; Loucas and Geard 1994) have used the
premature-chromosome-condensation technique to investigate the initial yields
of chromosomal damage after the passage of alpha particles and the kinetics of
damage repair that produces “final” chromosomal damage.  Showing trends simi-
lar to those in the data on DSB yields and repair, these experiments demonstrated
that alpha particles produced no more than about twice the initial chromosomal
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breakage (about 5 min after exposure) as x rays.  However, the yield of remaining
damage measured after about 1 h was considerably larger after alpha-particle
exposure.

A wide array of studies have been conducted to determine the frequency and
nature of mutations induced by high- and low-LET radiation.  In general, it has
been found that alpha particles and other high-LET radiation produce greater
frequencies of mutants per survivor per unit dose than does low-LET radiation
and that RBE values tend to be greater for mutation induction than for cell
inactivation (Thacker and others 1979, 1982; Chen and others 1984; Iliakis 1984;
Metting and others 1992; Cox and Masson 1994b; Griffiths and others 1994; Bao
and others 1995).  The RBE for mutation by alpha particles, such as from radon
progeny, is in the LET region of maximal effectiveness (Cox and Masson 1979).

In an in vivo study, a statistically significant correlation was reported be-
tween household radon levels and HPRT mutants in peripheral blood lympho-
cytes of residents (Bridges and others 1991).  The observation that a mutant yield
could be detected with significance relative to background implied a much greater
effectiveness than had been found for alpha particles in high-dose in vitro experi-
ments.  However, the correlation was not confirmed in a larger follow-up study
by the same research group (Cole and others 1996), and a negative correlation
was reported in a separate smaller study (Albering and others 1994).

Conventional chromosome analyses for unstable aberrations in blood lym-
phocytes of persons living continuously in houses with very high radon concen-
trations have shown a significant increase in dicentrics and rings (Bauchinger and
others 1994).  Applying fluorescence in situ hybridization (FISH) techniques to
these same samples showed slightly, but not significantly (p<0.1), raised overall
frequencies of symmetric translocations, including significantly raised levels in
males alone (Bauchinger and others 1996).  The two sets of results are consistent
and the authors suggest that the FISH measurements are less sensitive to dis-
criminate radon exposure because control frequencies of translocations are much
higher than those of dicentrics and radon doses to bone marrow, that should
contribute most to stable aberrations, are lower than to mature lymphocytes.  For
more information see chapter 4.

The spectrum of mutants produced by ionizing radiation is wide and can
depend on the gene, the host cell, the radiation quality, and the dose. Ionizing
radiation in general and alpha particles in particular are most efficient at produc-
ing large genetic changes, deletions, and rearrangements, rather than point muta-
tions.  Several studies have suggested that densely ionizing radiations produce a
higher proportion of gene mutations involving large deletions than do x rays
(Chen and others 1990; Evans 1991; Hei and others 1994c; Schwartz and others
1994; Bao and others 1995; Kronenberg and others 1995; Zhu and others 1996).
It has also been suggested that the frequency of large deletions increases as a
function of dose for high-LET radiation (Hei and others 1993; Zhu and others
1996).  Other investigators found no statistically significant difference between
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high- and low-LET radiation-induced mutagenesis in the fraction of mutations
that lost the entire active gene (Thacker 1986; Kronenberg and Little 1989; Evans
1991, 1993; Jostes and others 1994), whereas in an episomal shuttle-vector model,
deletions were observed to be more frequent after alpha-particle exposure than x-
ray exposure but were of comparable size (Lutze and others 1992, 1994).

Those observed differences in the patterns of mutation induced by high-LET
radiation in different cell lines seem to be partially resolved by the observation
that in cell systems in which genes that were critical to cell survival were close to
the marker gene, a rather low frequency of mutations was induced by deletions.
In cell systems in which the marker gene was not near a critical gene and the
marker gene was not involved in cell survival, a larger fraction of the total
mutations were produced by large deletions after alpha-particle exposure than
after low-LET radiation exposure (Evans 1991; Bao and others 1995).

A variety of additional differences have been reported between the spectra of
deletions caused by high- and low-LET radiation.  These include a higher propor-
tion of smaller but more complex deletions and rearrangements caused by alpha
particles (Bao and others 1995; Jin and others 1995; Thacker 1995; Chaudhry and
others 1996) and differences in growth characteristics (Metting and others 1992;
Chaudhry and others 1996; Amundson and others 1996). Hence, radiation pro-
duces a spectrum of mutations different from those which arise spontaneously or
are caused by other agents, and the spectrum can depend on radiation quality.

Research at the sequence level is continuing in a number of laboratories to
evaluate the molecular nature of mutations induced by alpha particles from radon
(Jostes 1996).  It should add  to the understanding of the nature of the mutagenic
lesions induced by high-LET radiation.  One of the objectives of such research is
to determine whether unique changes associated with high-LET damage can be
used as a “signature” of alpha-particle-induced damage.  Such a signature could
help to identify environmental agents that are responsible for observed mutagenic
damage (Schwartz and others 1994). Other studies also have proposed signatures
for alpha-particle-induced biologic damage in the form of the induction of spe-
cific point mutations in the tumors of uranium miners (Taylor and others 1994;
Vahakangas and others 1992); however, the results are not consistent, nor have
they been confirmed by larger-scale animal studies (McDonald and others 1995;
Kelly and others 1995).

BIOLOGIC EFFECTS OF LOW EXPOSURE
LEVELS TO ALPHA PARTICLES

The primary approach to radon risk estimation involves epidemiologic stud-
ies of underground miners whose mean exposure was typically much larger than
average residential exposures.  For example, the average radon-progeny exposure
of the Colorado miner cohort was about 2.8 Jhm–3 (800 WLM) over an average
duration of 5 y.  That implies that an average of about 7-26 alpha particles would
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have traversed each target-cell nucleus location in the segmental bronchial epi-
thelium over this time (Table 2-1).  Thus, very few target cells and their progeny
in miners in this cohort are anticipated to have been traversed by only one par-
ticle.  In the pooled miner data (Lubin and others 1994a), the average exposure
was 0.567 Jhm–3 (162 WLM), which would correspond to about 1-5 traversals
per cell nucleus.

It follows that past risk estimates based on all the miner data (Lubin and
others 1994a) have been driven by data on miners in whom multiple traversals
either dominated or were comparable in number with single traversals.  For an
average indoor exposure at a concentration of about 50 Bqm–3 (1.25 pCiL–1) or an
exposure of about 0.0007 Jhm–3/yr (0.2 WLM/yr), less than 1 in 400 basal cell
nuclei (or less than 1 in 100 secretory cell nuclei) will be traversed per year by a
single alpha particle, and less than 1 in 104 cells will be traversed by more than
one alpha particle (Table 2-1).  Therefore, in extrapolating from miner exposures
to environmental exposures, previous models, based primarily on highly exposed
miners, translated effects of multiple traversals to the effects of single traversals.
In chapter 3 we attempt to avoid that problem by focusing on the low-exposure
miners.

However, the prima facie approach of performing alpha-particle experiments
at both high and low doses to guide the extrapolation does not allow for a direct
assessment of the effects of a single alpha particle.  That is apparent if we
consider an in vitro experiment designed to measure the effects of single alpha
particles traversing, say, C3H10T1/2 cells growing as a monolayer with large
projected nuclear areas.  Assuming an LET of 150 keV/µm, and a low practical
dose of about 0.1 Gy, on the average each cell nucleus will be traversed by a
single alpha particle.  However, because the number of traversals of a given cell
is Poisson-distributed, about 37% of the cell nuclei will not be traversed by alpha
particles, about 26% will be traversed by more than 1 particle, about 8% by more
than 2, and about 2% by more than 3; this precludes a direct assessment of the
effects of exactly 1 alpha particle.

Two experimental approaches permit the effects of exactly 1 alpha particle to
be investigated.  One way is to unfold the Poisson distribution from experimental
dose-response data mathematically (Brenner 1989), provided that the cell geom-
etries and sensitivities are sufficiently uniform. A more-direct approach to the
problem of single-particle traversals is to design experiments in which exactly
one alpha particle is delivered to each of many cells.  This microbeam-irradiator
approach, previously mentioned, is being pursued in several laboratories around
the world, including those at Columbia and Texas A & M universities and Gray
Laboratory (Geard and others 1991; Braby 1992; Folkard and others 1995; Nelson
and others 1996).  The basic notion for this approach is that the locations of cells
are determined and recorded by a computerized image-analysis system; then a
highly collimated beam of low-intensity alpha particles is directed at each cell in
turn, and a radiation detector is used to determine when one or any given number



Copyright © National Academy of Sciences. All rights reserved.

Health Effects of Exposure to Radon: BEIR VI
http://www.nap.edu/catalog/5499.html

58 HEALTH EFFECTS OF EXPOSURE TO RADON

of alpha particles have passed through the cell.  The dish is then moved so that the
next cell is under the collimated beam.  True single-particle irradiation should
allow measurement of the effects of exactly 1 alpha-particle traversal relative to
multiple traversals.  These techniques should also allow evaluation of the effects
of cytoplasmic traversals and traversals through nearby cells—the potential “by-
stander” effect discussed earlier.

BIOLOGIC EFFECTS OF ALPHA PARTICLES
AT LOW EXPOSURE RATES

In the last few years, it has become increasingly clear that densely ionizing
radiation such as alpha particles can exhibit an inverse dose-rate effect for car-
cinogenesis (for example, Miller and others 1993); that is, for a given dose or
cumulative exposure, as the dose rate is lowered, the probability of carcinogen-
esis increases.  The phenomenon has come to be known as the inverse dose-rate
effect because it is in marked contrast to the situation for sparsely ionizing radia-
tion, which with protraction in delivery of a given dose, either by fractionation or
by low dose rate, usually results in a decreased biologic effect.

The extent and consistency of published reports on the in vitro and in vivo
inverse dose-rate effects, leave little doubt that such effects are real (Charles and
others 1990; Brenner and Hall 1992).  Of interest here is that the inverse dose-rate
effect has been clearly demonstrated in miners exposed to radon-progeny alpha
particles at different exposure rates.  From comparisons of epidemiologic studies
involving different average radon-progeny exposure rates, Darby and Doll (1990)
inferred the existence of an inverse dose-rate effect.  On the basis of epidemio-
logic studies, an inverse dose-rate effect was reported by Hornung and Meinhardt
(1987) in Colorado uranium miners, by S̆evc and colleagues (1988) and Tomás̆ek
and colleagues (1994a) in Czech uranium miners, and by Xuan and colleagues
(1993) in Chinese tin miners.  In a recent joint analysis of 11 cohorts of miners
exposed to radon progeny, Lubin and colleagues (1995a) clearly demonstrated
the existence of a significant inverse dose-rate effect.

Irrespective of the detailed mechanisms involved, and provided that they are
confined to single independent cells, basic biophysical arguments imply that if a
target cell or its progeny is hit by 1 or 0 alpha particles, it cannot show a dose-rate
effect of any kind.  Mechanistically (see, for example, Barendsen 1985; Goodhead
1988; Curtis 1989; Brenner 1994), a cell traversed only once by an alpha-particle
cannot “know” or respond to any changes in dose rate.  Thus, no inverse dose-rate
effect would be expected at very low exposures, but such effects would be pos-
sible as the cumulative exposure increased to a point where multiple traversals of
the targets become significant.  The resulting overall effect therefore will be the
result of an interplay between cumulative exposure and exposure rate (Brenner
1994).  These considerations are summarized in Figure 2-2, which depicts a
protraction effect that increases with increasing exposure and decreases with
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increasing exposure rate.  The particular quantitative values of the surface in the
figure depend on the model and parameters, but its general features are likely to
be largely independent of the model and have been shown to be consistent with
the miner data (Lubin and others 1995a).

Possible mechanisms by which an inverse dose-rate effect could arise from
exposures to single cells include

• High-dose-rate saturation of effect from multiple track traversals in a
particularly sensitive phase of the cell cycle (Rossi and Kellerer 1986; Brenner
and others 1993).

• Killing of initiated cells before they multiply.
• Enhancement of cellular repair (Burch and Chesters 1986).
• A correlation across the cell cycle between cell killing and oncogenic

transformation induction (Elkind 1994; Brenner and others 1996).

Additional mechanisms in tissues for a low-dose-rate increase in effect could
include

FIGURE 2-2 Schematic illustration of the relative effect of protraction, illustrating the
interplay between exposure and exposure rate. Modified from NRC (1994).
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• Promotion of the transformation process or enhanced misrepair (Hill and
others 1984).

• Enhancement of cellular proliferation (Moolgavkar 1993).
• Age-dependent host variations in sensitivity or second mutations in ex-

panding initiated clones (Leenhouts and Chadwick 1994).

An average lifetime exposure from an indoor radon concentration of 200
Bqm–3 (5.41  pCiL–1), which is about 4 times the average indoor exposure, would
result in on average about 1 alpha-particle traversal per bronchial epithelial cell
nucleus location (0.6 for the location associated with the bronchial basal nuclei or
2-4 for the location of bronchial secretory cell nuclei; see Table 2-1).  In most
indoor-exposure situations, protraction would be expected to have little effect on
risk unless there are large additional spatial and temporal factors, such as persist-
ing long-range cell signaling or clonal expansion. In contrast, in the miner stud-
ies, even though exposure rates are higher, the higher exposures result in a statis-
tically significant reduction in risk per unit of exposure.  That conclusion, which
is consistent with  the results from miner studies (see Figure 2-3 and Lubin and
others 1995a), depends essentially on the notion that a dose-rate effect of any
kind requires that autonomous target cells be exposed to multiple alpha-particle
traversals.  It should also be noted that in tissues, cells may die and be replaced
many times during a lifetime.  On the basis of these considerations, data on
lower-exposure subset of the miner cohorts would be expected to yield  the most
applicable estimate of residential risk.

Although the miner data show an inverse dose-rate effect, indoor-exposure
data will probably show none, because of the low probability of multiple alpha-
particle traversals in the low-exposure situation of a residence.  That is in accord
with results on lung-cancer induction by radon in rats.  Specifically, results for
high cumulative exposures over 3.5 Jhm–3 (1,000 WLM) show a statistically
significant inverse dose-rate effect:  for the same cumulative exposure, irradia-
tion over longer periods resulted in significantly higher lung-cancer rates than
irradiation over shorter periods (Cross 1992; Gilbert and others 1996).  As the
exposure was decreased, no significant inverse dose-rate effect was observed
(Gilbert and others 1996).  At exposures corresponding to less than 1 alpha-
particle traversal per cell, 0.0875 Jhm–3 (25 WLM), no increase in lung-cancer
incidence was observed as the exposure rate was decreased (Morlier and others
1994).  All this is consistent with the pattern presented in Figure 2-3.

In contrast with the high-exposure studies,  some of the low-exposure studies
in rats yielded evidence of a decrease in lung-cancer incidence with decreasing
exposure rate (the “conventional” dose-rate effect).  Specifically, when 0.0875
Jhm–3 (25 WLM) was protracted over 18 m, rather than over 4-6 m, a decrease in
lung-tumor incidence was observed (Morlier and others 1994), although the sta-
tistical significance was marginal (p = 0.056).  Those studies suggest that bio-
logic variables, such as fraction of the life span during the exposure and age at
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exposure, play an important role in the development of lung cancer, at least in
experimental animals (Cross 1994a,b).

INTERACTIONS BETWEEN LUNG CARCINOGENS

Radon is only one of the respiratory carcinogens to which humans are ex-
posed.  Tobacco-smoking is an extremely important risk factor for lung cancer in
miners, as well as in the general population; and other lung carcinogens, such as
arsenic, are also present in mines.  A brief review of the in vitro and in vivo
studies related to the issue of interactions between lung carcinogens follows.

Using an in vitro assay for oncogenic transforming C3H10T1/2 cells, Piao
and Hei (1993) applied cigarette-smoke condensate (CSC) and observed a dose-
dependent increase in the incidence of both cytotoxicity and oncogenic transfor-
mation.  The frequency was significantly increased if the CSC was combined
with a dose of either gamma rays or alpha particles.  The transformation frequen-
cies in cells treated with a combination of CSC and 0.5 Gy of alpha particles with
energies selected to simulate radon-progeny alpha particles was consistent with
the 2 agents acting in an additive manner, not a multiplicative manner.

The report of the BEIR IV committee (NRC 1988) reviewed the animal
studies that included exposure to both radon progeny and cigarette smoke.  The
relevant studies included experiments involving rats conducted by the Compagnie
Generale des Matieres Nucleaires (COGEMA) in France and experiments in-
volving dogs conducted by Pacific Northwest Laboratories (PNL) in the United
States.  The report noted that the COGEMA experiments showed synergism
(greater-than-additive effects) if the exposure to cigarette smoke followed the
exposure to radon progeny but not if the smoke exposure preceded the radon-
progeny exposure.  In the PNL experiments, lung-tumor incidence was decreased
if the animals were exposed to radon progeny and cigarette smoke on the same
day, as opposed to sequentially.

Since the BEIR IV report, there have been several additional reports from
COGEMA (Monchaux and others 1994) and PNL (Cross 1992).  Cross and co-
workers have reviewed the newer studies (Cross 1992, 1994a,b).  The PNL group
conducted initiation-promotion-initiation experiments with cigarette smoke and
radon exposure (Cross 1992).  Those experiments involved various sequences of
exposure to smoking and radon progeny and splitting the dose of radon progeny.
Only preliminary findings on lung tumors are available and the number of can-
cers has been very small.  The findings of the COGEMA studies have been
summarized recently (Monchaux and others 1994; Yao and others 1994).  The
extent to which lung-cancer incidence was increased by cigarette-smoke expo-
sure after radon exposure was shown to depend on the duration of exposure
to smoke.  Decreasing duration was associated with decreasing lung-cancer
incidence.

In spite of long-term research by 2 groups of investigators, the animal ex-



Copyright © National Academy of Sciences. All rights reserved.

Health Effects of Exposure to Radon: BEIR VI
http://www.nap.edu/catalog/5499.html

BASIS OF RADON-INDUCED LUNG CANCER 63

periments on smoking and radon progeny have not yielded strong evidence on the
combined effects of the 2 exposures.  The findings are inconsistent and dependent
on the sequence of exposures.  In the residential setting, exposure to cigarette
smoke and exposure to radon progeny occur essentially simultaneously through-
out adulthood.  Among the miners, smoking and radon exposure can take place
simultaneously or radon exposure can begin before or after smoking has started
(Thomas and others 1994).  The unique pattern of sustained smoking by humans,
which has not been replicated in the animal experiments, is an additional barrier
to extending the findings of the animal studies to humans.

THE DOSIMETRIC APPROACH TO RADON RISK ESTIMATION

The approach to domestic radon risk estimation taken in this report involves
epidemiologic studies of people who have been exposed to radon.  A different,
and possibly complementary, approach is to estimate radon risks on the basis of
people exposed primarily to sparsely ionizing radiation—largely the Japanese
atomic-bomb survivor cohorts.  This so-called dosimetric approach to radon risk
assessment using ICRP quantities (ICRP 1991) has the following logic:

• Use physical models to estimate a bronchoepithelial dose per Jhm–3

(WLM).
• Convert that lung dose, with the specified radiation weighting factor (wR)

(ICRP 1991), to an equivalent dose for radon-progeny alpha particles in the
bronchial epithelium.

• Convert the equivalent dose to an effective dose, with the appropriate
tissue weighting factor for lung.

• Use the best estimate for the lifetime-fatality probability coefficient per
unit of effective dose to estimate the lifetime risk per Jhm–3 (WLM).

A more direct dosimetric approach could be to apply an appropriate alpha-
particle RBE factor specifically for lung, rather than the general radiologic pro-
tection quantity wR  (or “quality factor,” Q).  Then one could estimate the lifetime
risk per Jhm–3 (WLM) from the lung-cancer-fatality probability coefficient per
unit of absorbed dose of atomic-bomb survivor data extrapolated to low dose
rate.

Assuming a quality factor of 20, Burchall and James (1994) used a dosimet-
ric approach to estimate a risk from residential radon exposure and found the risk
to be larger than estimated from the miner data (for example, Lubin and others
1994a) by a factor of 4-5.  However, it is difficult to interpret the difference
between the two approaches.  In light of the uncertainties in many of the steps
involved in arriving at both types of risk estimates, the difference is modest. One
of the major uncertainties in the dosimetric approach is related to the current
impossibility of estimating RBE directly in any realistic quantitative sense for
relevant in vivo end points.  Consequently, the rationale usually adopted is to
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estimate its values for a variety of in vitro end points that are considered to be
relevant to cancer induction and to be adequately quantifiable and then to define
from these data sets a single value that is judged to be applicable to human
cancers overall.  The use of in vitro oncogenic-transformation data as a basis for
risk estimates for more complex end points, such as carcinogenesis in general in
humans, has been discussed elsewhere (ICRU 1986).  Essentially, the rationale,
other than the pragmatic issue of quantifiability, is that the radiation weighting
factor is used for predicting only relative risks (compared with risks associated
with gamma rays or x rays) of one kind of radiation relative to another, rather
than absolute risks.  However, many data on in vitro effects or carcinogenesis in
animals show that the RBEs for the same kind of radiation depend substantially
on the biologic system and cancer type under study. The RBE for induction of
lung cancer by radon-progeny alpha particles remains uncertain.

On the basis of in vitro data on the C3H10T1/2 oncogenic-transformation
system of Brenner and colleagues (1995) and data on the induction of micronu-
clei in rat-lung fibroblasts and CHO cells by radon and gamma rays of Brooks
and colleagues (1994), a quality factor of 10 seems appropriate for cells at depth
in the bronchial epithelium.  That is half the currently recommended radiation
weighting factor (ICRP 1991).  It would result in partial reconciliation of dosi-
metrically and epidemiologically based radon risk estimates, although it would
probably be misleading to over-interpret the resulting level of agreement, be-
cause many assumptions are involved in both approaches.

MECHANISTIC CONSIDERATIONS IN ASSESSING
RISKS ASSOCIATED WITH RADON

The mechanistic considerations discussed above must be incorporated into
the design of epidemiologic analyses to estimate radon risks.  We summarize
the main issues of relevance to the estimation of risks associated with radon
progeny.

Biologically-Based Risk Models

A biologically-based risk model is a formalism that potentially provides
realistic quantification of all the relevant steps from energy deposition to the
appearance of cancer.  If such a model were available, epidemiologic data could
be fitted to it, and the resulting parameter estimates could be used to quantify the
different mechanistic steps in radiation carcinogenesis.  Low-dose extrapolation
could then be conducted with more confidence than for a situation in which data
are fitted with a purely empirical formalism.  However, epidemiologic data usu-
ally include only incidence and mortality.  Biologic models need cell prolifera-
tion rates and other factors, and such information is not usually available.  Such
approaches to radiation risk estimation have been proposed and critically dis-
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cussed by various authors (for example, Moolgavkar and others 1993; Crump
1994a,b; Little and others 1994; Moolgavkar 1994; Goddard and Krewski 1995;
Little 1995).

Those approaches must be considered desirable, in the long term, as a frame-
work for interpreting the radiation-epidemiologic data.  Today, however, it is
important to recognize the complexity of the processes involved in radiation
carcinogenesis and the many gaps in our knowledge of the most-basic relevant
processes.  Although the use of biologically-based models provides valuable
insights into the carcinogenic process, the models are not sufficiently well devel-
oped to be used for quantitative risk estimation; indeed, their use might lend more
credibility to the resulting risk estimates than is warranted.

Although  all the steps leading from the deposition of radiation energy to the
development of cancer are not understood, some general trends have emerged
from the considerations in this chapter, which can be used to guide specific
assumptions of the epidemiologically based analysis of radon-induced lung can-
cer.  These trends are discussed in the remaining part of this chapter.

Extrapolation from High to Low Radon-Progeny Exposures

The challenge is to guide the extrapolation of risks from radon-progeny
exposures at which effects can readily be observed and risks quantified down to
lower exposures at which events might occur with probabilities too small to
measure with sufficient precision in any human population.  Low exposures and
doses correspond to the traversal of cells by single alpha particles. As the dose is
further decreased, the insult to cells that are traversed by an alpha particle re-
mains the same, but the number of traversed cells decreases proportionately.
There is good evidence that a single alpha particle can cause a substantial change
in a cell.  For example, a single traversal by an alpha particle with an LET of 120
keV/µm can result typically in about 10-20 double-strand breaks in a cell de-
duced from measured yields of about 30-40 dsb/Gy for low-LET radiation (Ward
1988; Stenerlow and others 1996), similar relative yields for alpha particles
(Jenner and others 1993; Prise 1994), and a dose of about 0.2-0.5 Gy to a cell
traversed by a single alpha particle, depending on cellular geometry.  Even allow-
ing for the substantial degree of repair that is known to take place, the passage of
the particle most likely causes some irreparable damage or permanent change.
Direct evidence of such clastogenic changes, based on single alpha-particle mi-
crobeam irradiation (Geard and others 1991; Braby 1992; Nelson and others
1996) has been reported.  There is also convincing evidence that alpha particles
are efficient at inducing genomic instability (Kadhim and others 1992, 1994,
1995; Sabatier and others 1994), so traversal by a single particle can potentially
initiate a cascade of events that can lead to chromosomal aberrations or delayed
mutations many generations later.  The later effects can be in cells adjacent to
those actually traversed.
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Those observations, taken separately or together, provide a mechanistic basis
for a linear relationship between alpha-particle dose and biologic effect at dose
levels that correspond to 1 particle traversal per cell or less.  At those exposures,
varying the dose proportionately varies the number of cells traversed by alpha
particles, but does not alter the level of damage sustained by cells that are tra-
versed.  That is the situation for exposure to alpha particles from radon progeny
in a domestic environment where it is unlikely that any cell at risk in the bron-
chial epithelium is traversed by more than 1 alpha particle in a lifetime.  As an
example, an exposure of 0.0175-0.07 Jhm–3 (5-20 WLM) would result in an
extremely low probability that any cell would be traversed by more than 1 alpha
particle.  Within and below that exposure range, linearity is thus a reasonable
assumption with the implication of no threshold in dose.  At the minimum, this
linearity refers to effects in single cells since varying the dose merely changes the
number of cells traversed but does not alter the level of damage per cell.  Of
course, the development of a tumor involves many steps beyond oncogenic trans-
formation in a single cell, but the weight of evidence for the clonal origin of most
tumors (Wainscoat and Fey 1990) suggests that this argument also applies to
tumor induction by radon.  Indeed, over this range, linearity and a threshold seem
to be mutually exclusive.  It is important to note that we have considered only
low-dose extrapolation of the effects of alpha particles, and these arguments do
not necessarily apply to the effects of sparsely ionizing radiation, such as x or
gamma rays.

At higher doses of densely ionizing radiation, various processes can, in
principle, result in a nonlinear relation, as has often  been observed (for example,
Ullrich and others 1976; Ullrich 1983; Fry and others 1985; Chmelevsky and
others 1984; NRC 1988; Furuse and others 1992).  These high-dose effects in-
clude the following:

• Damage resulting from the interaction of chromosomal breaks from dif-
ferent alpha particles would be expected to result in a component of response that
is quadratically related to dose.

• Decreased efficiency of repair of alpha-particle damage, which, in prin-
ciple, could be reduced at very high doses through saturation.

• Cell killing and alterations in cell proliferation (from radiation and to-
bacco exposure) which are likely to influence the development of an initiated cell
into a tumor.

• Production of diffusible clastogenic factors at high doses which might be
able to contribute to generalized tissue response remote from the sites of indi-
vidual alpha-particle decays.

• Inverse dose-rate effects which could change the slope of the dose-
response relation at high exposure levels.

Although those factors could all potentially affect linearity, they require sub-
stantial doses.  They might be important in the high-exposure miner data, in which



Copyright © National Academy of Sciences. All rights reserved.

Health Effects of Exposure to Radon: BEIR VI
http://www.nap.edu/catalog/5499.html

BASIS OF RADON-INDUCED LUNG CANCER 67

multiple cell traversals occur with significant probabilities, but are unlikely to be
important at low exposure levels that correspond to 1 particle or less per cell.

In summary, the weight of evidence from cellular and molecular studies
strongly supports the concept of linearity with dose in cellular systems including
cell lethality, mutation, or transformation with no threshold for low-dose alpha-
particle irradiation but leaves open the possibility of a change in slope or a
departure from linearity for cancer induction at higher doses.  The overwhelming
evidence for the monoclonal origin of most cancers suggests linearity without
threshold would also apply to low-dose radon-induced carcinogenesis.  This
observation emphasizes the desirability of extrapolating to typical indoor expo-
sures from the lowest exposure range that is practical in the miner data set.

Effect of Changing Exposure Rate

Extrapolation from higher to lower radon exposures is also affected by the
inverse dose-rate effect (Brenner 1994).  In vivo and in vitro experiments have
shown an inverse dose-rate effect for alpha-particle irradiation.  Specifically,
protracting a given total dose (experimentally, at least 0.10 Gy) of densely ioniz-
ing radiation, such as alpha particles, can increase oncogenic transformation in
vitro or carcinogenesis in vivo.  This dose-rate effect, whatever its underlying
mechanism, operates at doses corresponding to multiple particle traversals per
cell but is likely to disappear at low doses corresponding to an average of much
less than 1 traversal per cell (Figure 2-2).  A similar dependence of effect on
exposure is clearly evident in the miner data (Figure 2-3).

Extrapolating radon risk from the full miner data to the low-exposure domes-
tic situation involves extrapolating from a situation in which multiple traversals
are common to one in which they are rare; consequently, such an extrapolation
would be from a situation in which the inverse dose-rate effect might well be
important to one in which it is likely to be unimportant.  That presents a problem
for the committee’s risk assessment in that the mechanisms whereby inverse
dose-rate effects operate are not yet established, although several mechanisms
have been hypothesized.  However, given that both experimental evidence and
fundamental biophysical evidence suggest that the inverse dose-rate effect should
be of little importance below about 0.35 Jhm–3 (100 WLM), these considerations
again underline the importance of assessing risks of radon in homes on the basis
of miner data corresponding to as low an exposure as possible.

Interaction of Radon Progeny with Other Agents

Experiments with a combination of alpha-particle and tobacco-smoke con-
densate exposure, using oncogenic transformation in vitro as a test assay, show
that effects of the 2 agents are consistent with a purely additive interaction (Piao
and Hei 1993).  With such in vitro systems, large-scale experiments are possible
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that yield unequivocal results.  However, such experiments might well be good
models only for the initiation part of the carcinogenic process.  Although the data
are hard to interpret in animal experiments, alpha particles and tobacco smoke
often appear to produce effects that are larger than additive; this observation can
be understood in that tobacco smoke, as well as being a carcinogen, contains
irritants that stimulate cell proliferation which is a known factor in oncogenesis.
The experimental data are consistent with the supra-additive model which ap-
pears to be most useful in the human data (see chapter 3).

Biologic Signatures of Alpha-Particle Cancers

Early attempts (Vahakangas and others 1992; Taylor and others 1994) to
identify a molecular “signature” of prior alpha-particle damage through the iden-
tification of unusual point mutations have not yet proved useful (Rossi 1991; Hei
and others 1994a; McDonald and others 1995; Bartsch and others 1995; Hollstein
and others 1997).  More mechanistic approaches based on larger-scale genomic
alterations (for example, Brenner and Sachs 1994; Griffin and others 1995; Sav-
age 1996) are more promising.  The newer techniques currently require further
experimental validation but offer hope for future molecular epidemiologic ap-
proaches to the radon problem.

Individual Susceptibility

Animal experiments show significant but unexplained differences among
species in susceptibility to lung cancer from radon progeny.  For example, rats
are susceptible to radon-induced lung cancer, but Syrian hamsters are extremely
resistant. In addition, within a given species, different inbred strains show varia-
tions in susceptibility to ionizing radiation or chemical carcinogens.  Cell lines or
animals with specific repair deficiencies also show increased susceptibility to
radiation-induced malignant or premalignant changes, although there have been
few experiments specifically with alpha particles from radon progeny.

The sum of available evidence leads to the conclusions that for an outbred
human population a broad spectrum of susceptibility to alpha-particle-induced
carcinogenesis would be expected and that there could be a marked increase in
susceptibility in people suffering from a genetic deficiency.  Evidence of genes
related to susceptibility for many forms of cancer is emerging, although there is
as yet no convincing evidence of a gene that confers sensitivity to radiation-
induced cancer on a heterozygotic population.

Much research is being focused on the possibility of subpopulations that
might have a genetically based increased susceptibility to radiation-induced can-
cer.  The existence of sub-populations that are highly sensitive to alpha-particle-
induced lung cancer could substantially affect individual risk estimates but may
have only minor impact on population risk estimates.
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Models and Risk Projections

INTRODUCTION

This chapter presents the committee’s risk models relating lung cancer to
radon exposure and applies the models to exposures of the general population
to estimate the burden of lung cancer due to exposure to indoor radon.  We
discuss both the committee’s models describing lung-cancer risk in miners and
the application of the models in projecting lung-cancer risks in the general
population.  We also describe prior risk models and the basis for our approach
to developing new risk models.  The committee decided to use primarily miner-
based data for risk estimation and to use models in which risk is linearly related
to dose at low doses.  Those two decisions follow those of the BEIR IV com-
mittee.  However, the rationale for our model is supported more strongly than
was that of the BEIR IV committee, being grounded in the biologic consider-
ations developed in chapter 2 and in the stronger body of observational evi-
dence provided by the pooled data from the studies of underground miners, as
well as a meta-analysis of the reported 8 case-control studies of residential
radon exposure and lung cancer.

In this chapter, we provide risk projections that describe both the increment
in lifetime risk of lung-cancer mortality for various exposure scenarios and the
population burden of lung cancer attributable to exposure to indoor radon.  This
chapter also addresses uncertainties associated with the models and with risk
projections based on the models.  Appendix A describes the modelling and uncer-
tainty analysis procedures in detail.
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RISK-ESTIMATION APPROACHES

This section briefly reviews alternative approaches to estimating lung-cancer
risk associated at radon exposure levels typically found in homes and provides
the rationale for the committee’s selected approach.  Figure 1-3 showed the
alternative approaches considered and the related data sources.

Dosimetric Approach

The dosimetric approach applies the well-characterized radiation data from
human exposures to γ rays, in particular data from the atomic-bomb survivors, to
derive estimates of the risk associated with exposure to radon (ICRP 1990).  This
approach has the following steps:

1. Use physical dosimetric models of the lung to estimate alpha-particle
dose to lung-airway epithelium for indoor radon exposure.

2. Convert the alpha-particle dose to an equivalent low-linear-energy-trans-
fer (low-LET) dose for low-LET radiations, using an appropriate weighting fac-
tor for radon-progeny alpha particles in the bronchial epithelium.

3. Convert the equivalent dose to an effective dose, using the appropriate
tissue-weighting factor for lung (ICRP 1990).  (It is possible to omit step 3 and
use lung-specific γ-ray-based risk estimates in step 4).

4. Use risk coefficients per unit of effective dose, based primarily on atomic-
bomb survivor data, to estimate the risk per unit of cumulative exposure to radon.

One strength of this dosimetric approach is its use of the wealth of data from
the continuing epidemiologic study of the atomic-bomb survivors in Hiroshima
and Nagasaki.  Lung-cancer risk has been well characterized in that cohort in
relation to dose.  However, the approach is weakened by the need for scaling
factors to convert from the acute, whole-body, primarily γ-ray exposure to the
chronic, localized, alpha-particle exposure of the lung from indoor radon.  In
addition, the data from Hiroshima and Nagasaki are subject to uncertainty owing
to limitations of the dosimetry and the need to extrapolate from an exposed
population in Japan to other population groups with differing background cancer
rates.

Biologically Motivated Approach

Biologically motivated models are intended to provide realistic representa-
tion of the steps in radon carcinogenesis from energy deposition to the appear-
ance of cancer.  In this context, the parameters of the model have a direct biologic
interpretation.  One such model is the Moolgavkar-Venzon-Knudson 2-stage
clonal expansion model, which incorporates both tissue growth and cell kinetics
(Moolgavkar and Luebeck 1990).  Such approaches to cancer risk estimation
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have been proposed and reviewed by various authors (for example, Little and
others 1992, 1994; Moolgavkar and others 1993; Crump 1994a,b; Moolgavkar
1994; Goddard and Krewski 1995; Little 1995).

This committee did not pursue biologically motivated cancer-risk models for
several reasons.  First, the mechanisms of radon-induced carcinogenesis must be
known with sufficient certainty before an appropriate biologically motivated
model can be constructed.  Despite the considerable amount of information sum-
marized in chapter 2, the committee recognized that current knowledge of radia-
tion cancer mechanisms remains incomplete and any postulated model would
necessarily be an oversimplification of a complex process.  Second, application
of a fully biologically motivated model requires information on fundamental
biologic events, such as mutation rates and cell kinetics, that is not readily avail-
able in the present application.  Third, a comprehensive biologically motivated
model involving many parameters, such as the 2-stage clonal-expansion model
used by Moolgavkar and others (1993) to describe the Colorado miner data,
cannot be fruitfully applied without comprehensive longitudinal data on personal
exposures to both radon progeny and tobacco.  When the various steps in radon-
induced carcinogenesis are more fully understood, the biologically motivated
approach might become the preferred approach. However, the committee consid-
ered an empirical approach to be preferable at present.

Empirical Approach

Statistical methods for the analysis of epidemiologic data, particularly cohort
data, have evolved rapidly since the 1970s. These statistical methods can be used
to estimate lung-cancer risks directly from epidemiologic data, as done by the
BEIR IV committee.  To implement the now-common empirical approach, it is
assumed that disease rates in narrow time intervals are constant, or at least can be
accurately approximated by mean disease rates in the time intervals. Epidemio-
logic cohort data are summarized in a multidimensional table, in which each cell
contains information on person-years at risk, number of events (lung-cancer
deaths) occurring within the cell, and variables that identify the cell, such as age,
cumulative exposure, and exposure rate.  For each cell, the observed number of
events is assumed to follow a Poisson distribution, with a mean equal to the
underlying disease rate for the cell multiplied by the person-years at risk.  Poisson
events are assumed to be infrequent and have a distribution in which the variance
equals the mean.

In the development of an empirical risk model to describe rates of radon-
induced lung cancer in miners, several a priori assumptions are needed about
either the shape of the exposure-response function or the factors that influence
risk.  In its most general implementation, empirical modeling is sufficiently
flexible to offer some degree of biological plausibility with only minimal as-
sumptions needed about the structure of the model.  That generality, as well as the
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ability to model without assuming any underlying biologic mechanism of dis-
ease, leads to the characterization of the modeling approach as empirical or
descriptive.  The empirical modeling approach also allows for evaluation of
diverse factors that modify risk, such as attained age and exposure rate, through
formal statistical testing.  Given the limitations of the available data and the
resulting difficulty in discriminating among plausible alternative models, the
empirical approach undoubtedly results in models that are relatively crude and at
best yield rough approximations of actual patterns of risk.  While the committee
relied on data on lung-cancer mortality in underground miners to construct its
proposed risk models, a series of assumptions is needed to extend the miner-
based model to the general population.  For example, the committee used models
in which the exposure-risk relation is linear at low exposures, based on the
mechanistic considerations discussed in chapter 2.  Other assumptions made in
projecting population risks are described later in this chapter.

RATIONALE FOR THE COMMITTEE’S CHOSEN
METHOD FOR RADON RISK ESTIMATION

The committee critically assessed the principal approaches (see Figure 1-3)
that could be used to estimate the risk associated with exposure to indoor radon,
with respect both to sources of data for developing risk models and to techniques
for modeling.  The combinations of data resources and risk estimation approaches
of present interest are as follows:

1. Biologically motivated analysis of miner data.
2. Dosimetric approach using low-LET data (for example, atomic-bomb

survivor data).
3. Empirical analysis of miner data.
4. Empirical analysis of data from residential case-control studies.

The strengths and limitations of the three different data sources are summa-
rized in Table 3-1.

With regard to the first approach, the committee recognized that use of
biologically motivated risk models is a highly desirable goal, but it felt that such
models have not reached a stage at which they can be used for radon risk assess-
ment.  Specifically, the complexity and multiplicity of the processes involved in
radiation carcinogenesis were noted, as were the gaps in knowledge of the most-
basic relevant processes.  The paradigms describing carcinogenesis in general
and radiation carcinogenesis in particular are changing rapidly.  For example, the
potential importance of delayed genomic instability (Chang and Little 1992;
Kadhim and others 1992; Morgan and others 1996), not incorporated in currently
formalized biologically motivated models, was not apparent until within the last
few years.

The second approach, the dosimetric approach based on the atomic-bomb



Copyright © National Academy of Sciences. All rights reserved.

Health Effects of Exposure to Radon: BEIR VI
http://www.nap.edu/catalog/5499.html

MODELS AND RISK PROJECTIONS 73

survivors, has both strengths and weaknesses.  Its strengths include the availabil-
ity of estimates from a large cohort of men, women, and children exposed to a
wide range of doses; the extensively characterized dose estimates for the survi-
vors; and the 45-year period followup.  For the present application to radon
progeny, weaknesses include the very different types of radiation and exposure
patterns to which the bomb survivors were exposed—acute whole-body doses of
gamma rays and, to a lesser extent, neutrons.  In particular, the radiation weight-
ing factor needed to relate gamma-ray risks to alpha-particle risks is probably not
known to better than within a factor of about 5 (Burchall and James 1994; Brooks
and others 1994; Brenner and others 1995).  The risk estimates from the study of
atomic-bomb survivors are also subject to uncertainty (NRC 1990).  The commit-
tee reasoned that the uncertainties in extrapolating risks from acute whole-body
γ-ray exposure to prolonged, localized alpha-particle exposure were too great to
justify use of this approach.

Over the last decade, considerable resources have been devoted to case-
control studies of residential radon exposure.  A number of studies have been
completed, and some are still in progress.  These studies are reviewed in appendix
G.  In principle, residential studies yield the most relevant risk estimates, because
they relate directly to the population of interest.  However, because of the very
low risk associated with exposures at residential levels, risk estimates obtained
from these studies, even estimates based on meta-analysis of several studies, are
very imprecise.  Furthermore, the residential studies offer little opportunity for
evaluating with the modifying effects of such factors as smoking and time since
exposure.  For those reasons, the committee rejected a model based on the resi-
dential-radon studies (the fourth approach) as the primary source of risk estima-
tion. However, the committee did compare risk estimates based on the residential
data with the low-exposure risk estimates that it generated from the miner data.

TABLE 3-1 Relative strengths of data for alternative approaches for
estimating the risks posed by indoor radon

Atomic-bomb
Criteria survivor data Residential data Miner data

Exposure estimation ••• • ••
Potential power of study ••• • •••
Dose range • ••• •
Exposure time • ••• ••
Women/children ••• ••• •
Effects of smoking • •• •
Scaling factors required • ••• ••

••• = adequate
•• = fair
• = problematic
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Having thus considered the various alternative approaches, the committee
chose to follow the general approach of the BEIR IV committee and of Lubin and
others (1994a) to the analysis of pooled miner data and to base risk estimates on
an empirically derived model (the third approach).  This approach provided the
committee with well-established databases and methods as a starting point.

Empirical or descriptive modeling of risk allows a unified approach for
testing the validity of the form of the model and of the significance of model
parameters.  For example, the committee used a relative risk model rather than an
absolute risk model to describe lung-cancer risk to radon exposure.  It had been
observed that a relative risk model, with time-varying covariates, provided a
more parsimonious description of the miner data than an absolute excess-risk
model (Lubin and others 1994a).

The flexibility of the modeling approach allowed the incorporation of spe-
cific biologically based patterns of risk.  Two important choices in the com-
mittee’s analysis are the incorporation of an inverse exposure-rate effect and the
assumption of linearity of the exposure-response relationship at low cumulative
exposure.  For radon-induced lung cancer, those choices have a plausible biologic
rationale, as well as some experimental justification (see chapter 2).

PREVIOUS MODELS

A number of models have been previously developed for estimating lung-
cancer risk posed by exposure to radon and its progeny.  Models developed
through the middle 1980s were described in the BEIR IV report (NRC 1988).
These and other models are discussed in detail in appendix A to this report.  With
the exception of preliminary reports from 2 studies which later changed, these
models have all assumed linearity of the exposure-response relationship.  All
models used risk estimates derived from the studies of miners.

The earliest risk models specified effects of exposure in terms of the absolute
excess risk of lung cancer from radon-progeny exposure.  The absolute (excess)
risk model represents lung-cancer mortality as r (x, z, w) = ro (x) + g (z, w), where
ro (x) is the background lung-cancer rate and g (z, w) is an effect of exposure.
(Here, w denotes cumulative exposure, x represents covariates that determine the
background risk, and z denotes covariates that modify the exposure-response
relationship.)  The model proposed by the BEIR III committee allowed the abso-
lute excess risk to vary by categories of attained age with allowance for different
minimal latent periods for each category.  A descriptive model for the absolute
excess lung-cancer risk, proposed by Harley and Pasternack (1981), served as the
basis of risk estimates in Reports 77 and 78 of the National Council of Radiation
Protection and Measurements (NCRP 1984a,b).  That model assumed that expo-
sure has no effect on risk before age 40 years and that, after a latent period, the
absolute excess risk declines exponentially with time since exposure.  The model
was proposed specifically to address risk associated with radon-progeny expo-
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sure, and, although miner data were not used to define its form, published results
of analyses of miner data were used to specify latent periods and parameter
values thought to be reasonable and appropriate (NRC 1988).

A meta-analysis of miner-study results by Thomas and McNeil (1982), the
BEIR IV committee analysis of pooled data from 4 miner cohort studies (NRC
1988), and the findings from a number of individual cohort studies of miners
suggested that models of the relative risk (RR) were preferable to models of the
absolute excess risk.

Recent descriptive models for lung-cancer risk associated with radon-prog-
eny exposure have also modeled the relative risk rather than the absolute risk.
Under the general relative risk model, the lung-cancer rate r (x, z, w) can be
written as r(x, z, w) = ro (x)RR(z, w), where ro (x) is the lung-cancer rate among
non-exposed, and RR (z, w) is the exposure-response function. Of particular
interest is the linear relative risk model:

RR = 1 + βw, (1)

where βw estimates the excess relative risk (ERR), w is exposure, and β estimates
the increment in ERR for unit change in exposure w.

The simplest of the relative-risk models was proposed in Report 50 of the
International Commission on Radiological Protection (ICRP 1987).  The ICRP
model for extrapolation to indoor exposures was a linear model for ERR in
relation to cumulative  exposure.  The value of β was derived by reducing a value
thought to be representative of the miner studies to reflect differences in condi-
tions between mines and homes.  On the basis of findings in the atomic-bomb
survivors and dosimetric considerations, β was increased by a factor of 3 for
exposures occurring before age 20 years.  The assumption of a constant relative
risk and the higher risks assigned to exposures in childhood can be questioned.
Detailed analyses of miner data, however, have indicated that the exposure-
response relationship is not constant but varies with other factors (NRC 1988;
Thomas 1981).  In addition, there is little evidence of enhanced effects of expo-
sure at young ages in the miner data  (Lubin and others 1994a).

The BEIR IV committee analyzed pooled data from 4 cohort studies of
radon-exposed miners (NRC 1988).  It found that the simple linear ERR model
did not fit the data adequately and that the exposure-response parameter β varied
with time since exposure and attained age.  Since its publication in 1988, the
BEIR IV model has served as the primary basis for assessing risks for under-
ground miners and the general population. Using the BEIR IV model as a starting
point, Jacobi and others (1992) proposed a related “smoothed” model for the
relative risk of lung cancer from radon-progeny exposure, which served as the
basis of risk estimation in ICRP Report 65 (ICRP 1993).  Expanding the analytic
approach in the BEIR IV report, Lubin and others (1994a, 1995b) pooled data
from 11 cohort studies of miners, including the 4 studies used in the BEIR IV
analysis, and fitted similar types of models for the ERR.  Lubin and colleagues
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(1994a) again found that the exposure-response relation varied with time since
exposure and attained age, but they also found variation with exposure rate.
Lower exposure rates were associated with increased risk.  The BEIR VI commit-
tee used the work of Lubin and colleagues (1994a) as a starting point for the
analyses described in this chapter.

BEIR VI RISK MODEL FOR LUNG CANCER IN MINERS

Introduction

This section considers the sources of data, methods of combining data from
diverse populations, and assumptions that underlie the lung-cancer risk model
developed by the committee in its analysis of miner data.  The committee used a
relative-risk model that relates lung-cancer rate in miners to their occupational
exposure to radon.

In the analysis, exposure refers to occupational exposure to radon progeny
during employment in underground mines, and relative risks refer to the addi-
tional risks associated with occupational exposure to radon progeny beyond the
background risk from lung cancer, which reflects other exposures, including
indoor radon.  Residential radon-progeny exposures of the miners are not consid-
ered in the analysis data and are implicitly assumed to be the same, on average, at
all levels of occupational exposure.  Any bias in the modeling due to ignoring
nonmine exposures is likely to be small, because residential radon concentrations
are generally much lower than mine concentrations.

The committee’s model is based on a linear relationship between exposure
and the relative risk of lung cancer.  This linear relationship was based on an
empirical evaluation of the 11 individual miner studies.  In analyzing the miner
data, Lubin and others (1994a) explored various models for describing the form
of the relative risk in relation to radon exposure.  Within the range of exposures in
miners, linear models provided an adequate characterization of each cohort ex-
cept the Colorado Plateau uranium miners.  In the Colorado data, the authors
found a relative-risk pattern that was concave at high cumulative exposures.
Accordingly, in the analysis of pooled data, data from the Colorado study were
limited to exposures below 11.2 Jhm–3 (3,200 WLM), below which relative risks
were consistent with linearity.

Sources of Data

Pooled data from 11 cohort studies of radon-exposed underground miners
were used to develop the committee’s risk models; these data were derived from
all the major studies with estimates of exposure for individual miners (Table 3-2).
Data were available from 7 studies in addition to those considered by the BEIR
IV committee.  These data are described in detail in appendixes D and E.
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Since the 1994 publication of the original pooled analysis by Lubin and
colleagues (1994a), data from 4 studies (Chinese tin miners and the Czechoslova-
kia,1 Colorado and French uranium miners) have been updated or modified (Lubin
and others 1997).  In assembling the original data for the China study, the original
investigators (Xuan and others 1993) assumed that all miners worked 285 d/yr
until the early 1980s, which corresponded to the end of the followup less the

TABLE 3-2 Epidemiologic studies of underground miners used in the BEIR
VI analysisa

Type of Number of Period of
Location mine miners follow-up Data available on smoking

China Tin 17,143 1976-87 Smoker: yes/no (missing on
24% of subjects, 25 (out of
907) nonsmoking lung-
cancer cases)

Czechoslovakia Uranium 4,320 1948-90 Not available
Colorado Uranium 3,347 1950-90 Cigarette use: duration, rate,

cessation (unavailable after
1969)

Ontario Uranium 21,346 1955-86 Not available
Newfoundland Florspar 2,088 1950-84 Type of product, duration,

cessation (available for 48%
of subjects, including 25
cases)

Sweden Iron 1,294 1951-91 Type of product, amount,
cessation (from 35% sample
of active miners in 1972,
supplemented by later
surveys)

New Mexico Uranium 3,469 1943-85 Cigarette use: duration, rate,
cessation (available through
time of last physical
examination)

Beaverlodge Uranium 8,486 1950-80 Not available
Port Radium Uranium 2,103 1950-80 Not available
Radium Hill Uranium 2,516 1948-87 Smoking status: ever, never,

unknown (available for
about half the subjects, 1
nonsmoking case)

France Uranium 1,785 1948-86 Not available

aLubin and others 1994a.

1For historical reasons, the study is referred to as the Czechoslovakia or Czech cohort, although
the country is now 2 independent states, the Czech Republic and Slovakia.  The mining area was
located in what is now the Czech Republic.  About 25% of the miners were of Slovak origin and
most later returned to Slovakia.
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5-yr lag period. Recent information has indicated, however, that miners worked
313 d/yr before 1953, 285 d/yr in 1953-1984, and 259 d/yr after 1984.  Estimates
of exposures have been updated accordingly.  An extensive reevaluation of expo-
sure histories and of follow-up and vital status has been carried out for the Czech
cohort (Tomás̆ek and others 1994a).  There were 705 lung-cancer cases in the
updated data, compared with 661 in the previous data set, and the cohort was
enlarged from 4,284 to 4,320 miners.  For the Colorado study, followup has been
extended from December 31, 1987, through December 31, 1990 (Hornung and
others 1995).  In the updated data used by the committee, there were 336 lung-
cancer deaths at exposures under 11.2 Jhm–3 (under 3,200 WLM) in a total of 377
cases, compared with 294 lung-cancer deaths at exposures under 11.2 Jhm–3 in a
total of 329 total cases in the prior pooled analysis.  For the French miner data, the
investigators made small corrections in exposure estimates and in health out-
comes other than lung cancer.

In addition to the data changes for those cohorts, there has been a reassess-
ment of estimates of exposure of a nested case-control sample within the
Beaverlodge cohort of uranium miners, including all lung-cancer cases and their
matched control subjects (Howe and Stager 1996).  For these Beaverlodge min-
ers, exposure estimates were about 60% higher than the original values.  Because
of the computational difficulties of merging case-control data with cohort data,
only the data from the Beaverlodge cohort study with the original exposure
estimates were used in the committee’s analysis.

Analysis of Pooled Data from Different Studies

In the development of risk models, it is important to take account of the
totality of evidence from all relevant studies.  When data from many different
sources are available, this is most effectively accomplished by analyzing com-
bined or pooled data.  The models developed by Lubin and others (1994a) were
based on analyses of data from 11 miner cohorts.  Other examples of analyses of
pooled data are those by Cardis and others (1995) on cohorts of externally irradi-
ated nuclear workers in the United States, the United Kingdom, and Canada and
Lubin and others (1994b) on data from 3 case-control studies of indoor radon
exposure and lung cancer.

Analyses of pooled data can provide more precise estimates of parameters
than those based on individual studies—an advantage that is especially important
for investigating  modifying factors, which requires comparing risks among sub-
sets of the data.  They can also test whether differences in findings among studies
represent true inconsistency or simply result by chance.  The application of
similar methods to data from all studies and the presentation of results in a
comparable format facilitate comparisons of results from different studies.

Analysis of pooled data from diverse sources must, however, be done with
care because the data might not be fully comparable.  In the present context, the
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cohorts differ with respect to the methods used to estimate radon-progeny expo-
sure, the completeness of mortality follow-up, and the accuracy of disease diag-
nosis.  The cohorts also differ with respect to demographic characteristics, other
exposures encountered in the mines, and smoking patterns.  Such differences can
lead to heterogeneity in risk estimates.  Heterogeneity can be partially addressed
by adjusting for modifying factors, such as exposure rate, on which data are
available.  However, lack of adequate data on all covariates that affect risks and
biases in the data can result in residual heterogeneity even with extensive adjust-
ment for covariates.  It is important to take account of  heterogeneity in analyzing
the data, particularly in expressing the uncertainty in the risk estimates obtained.

Statistical methods for analyzing data sets derived from different sources,
taking into account heterogeneity among sources, are described in appendix A.
Random-effects models (Davidian and Giltinan 1995) provide a natural statistical
approach for combining data from different sources in the presence of hetero-
geneity.  Specifically, heterogeneity is accommodated by allowing for random
perturbations in parameter values from cohort to cohort, and this results in a
random-effects distribution of parameter values across cohorts.  The mean of the
distribution constitutes an overall summary of the parameter value across cohorts
and its variance describes the component of uncertainty due to unaccounted for
differences between cohort studies.  Two-stage statistical methods have also been
used in analysis of pooled data from different studies.  With the 2-stage approach,
estimates of the model parameters specific for each cohort are derived, and an
overall estimate is then obtained by an appropriately weighted linear combination
of the cohort-specific estimates, taking into account variation within and between
cohorts.  The 2-stage approach was used in recent analyses by Lubin and others
(1994a) and also by Burnett and others (1995) in combining data on air pollution
and respiratory health in 16 Canadian cities.

Both the random-effects and 2-stage approaches were used to combine data
from the 11 miner cohorts (see appendix A), but the results presented in this
chapter are based on the 2-stage method.  In simple modeling situations, the
2-stage and random-effects models were generally found to be in good agree-
ment.  In the more-complex modeling conducted by the committee, however, the
random-effects approach proved to be computationally more burdensome, and
convergence was not always obtained with the iterative numerical methods re-
quired in model fitting.   Consequently, the committee relied primarily on the
2-stage method in conducting its combined analyses.  The committee’s 2-stage
approach can be viewed as a simplification of, and an approximation to, the full
random-effects approach.

The committee recognized that each of the 11 miner studies has certain
unique characteristics that contribute to the observed differences in risk among
cohorts.  In the presence of such differences, the desirability of pooling data from
heterogeneous populations can be questioned.  Pooling makes maximal use of all
relevant data in an objective manner and provides an overall summary measure of
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risk.  Provided that cohort heterogeneity is acknowledged in the pooling process,
the standard error of this overall risk estimate will be an appropriate measure of
its statistical uncertainty.  The committee considers that, if done carefully, analy-
ses of pooled data can be informative.  The committee also believes that, in the
absence of clear reasons to exclude particular cohorts from the analysis, it is
preferable to make use of all the available data for risk-assessment purposes.

Model Based on Full Data Set

Selection of the committee’s risk models was guided by the extensive analy-
sis by Lubin and others (1994a) of the 11 miner cohorts.  That analysis indicated
that a linear model was sufficient to describe the miner data.  Because of the
present focus on residential exposures, which are generally at or below the low
end of the range of exposures experienced by miners, a linear exposure-response
model was considered appropriate for purposes of this report.  This choice was
supported by the committee’s review of the biologic basis of radon carcinogen-
esis, set out in chapter 2.

Lubin and others (1994a) examined models that took into account factors
that modify cancer risk, including time since exposure, attained age, duration of
exposure, and intensity of exposure.  Those models are described in detail in
appendix A.  Briefly, they found that models that took into account time since
exposure, attained age, and either duration of exposure or concentration of radon
progeny as an indicator of exposure rate provided equally good fits to the miner
data.  Models with fewer than 3 of the modifying factors did not provide compa-
rable fits to the available data.  For a given total exposure, duration of exposure is
inversely related to the concentration at which exposure was received (the expo-
sure rate), and either duration of exposure or average concentration provides an
indication of average exposure rate.

Models with both categorical, that is, discrete, and continuous covariates
were considered.  The categorical models were preferred by the committee for
purposes of risk projection.  Both types of models led to comparable predictions
of risk within the range of exposure experienced by the miners, but projections of
risk to lower exposures based on categorical models depended less on observa-
tions at high doses than those from continuous parametric models.

On the basis of previous experience in modeling the miner data, the commit-
tee concluded that 2 categorical models (referred to as the exposure-age-duration
and exposure-age-concentration models) provided the most-appropriate basis for
risk assessment.  The concentration model includes categories for exposure in
three windows of time since exposure, for age, and for concentration; in the
duration model, duration is the measure of exposure rate.  Although the commit-
tee did not repeat the comprehensive model-selection exercise conducted by
Lubin and others (1994a), it analyzed in detail the updated data from the miner
studies with these and related models (see appendix A).
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The committee’s preferred models for predicting relative risk were of the
form

RR = 1 + β(w5-14 + θ15-24 w15-24 + θ25+ w25+) φageγz, (2)

where β is the exposure-response parameter; total exposure, w, is partitioned into
temporal exposure windows with w5-14, w15-24, and w25+ defining the exposures
incurred 5-14 yr, 15-24 yr, and 25 yr or more before the current age; and θ15-24
and θ25+ represent the relative contributions to risk from exposures 15-24 yr and
25+ yr or more before the attained age.  The factor 1 in equation (2) represents the
background RR for lung cancer without occupational exposure but with outdoor
and indoor exposures.  Note that θ5-14 = 1 by definition for w5-14.  The parameters
φage and γz define effect-modification factors and represent, respectively, multiple
categories of attained age (φage) and of either exposure rate or exposure duration
(γz).  Details of the model fitting are given in appendix A.

Preliminary analyses indicated that the effects of time since exposure, at-
tained age, and exposure duration or concentration were similar in most cohorts,
so that these parameters were constrained to be the same in all 11 cohorts when
the models were fitted to the pooled data.  However, the parameter β varied
considerably across cohorts.  Consequently, the overall estimate of β was ob-
tained by using the 2-stage method, so that the associated standard error reflects
variation both within and between cohorts.

Estimates of the parameters in the committee’s 2 models, based on the 2-
stage approach, are given in Table 3-3.  (Similar results were obtained with the
random-effects approach discussed in appendix A.)  Although the parameter
estimates changed slightly with the updated miner data, the general pattern of
effects was comparable with that observed in the original analysis by Lubin and
others (1994a).  For  a given level of exposure, ERR declined with increased time
since exposure (θ5-14 > θ15-24 > θ25+), and with attained age.  Lung-cancer risk
increased with either lengthening duration of exposure or decreasing exposure
rate.

Model Based on Exposure-Restricted Data

The mean exposure in the analysis of pooled data on the miners was 0.57
Jhm–3 (162 WLM), about 10 times the exposure from lifetime occupancy in an
average U.S. home.  The mean duration of exposure for the miners was about 6
yr, about one-tenth the duration of residential exposures.  Thus, mean exposure
rates of miners were about 100 times those of residents of typical houses.  Those
differences in exposure profiles between the entire group of miners and the
general population are a source of uncertainty in the model based on the full
data set.

To reduce that uncertainty, the BEIR VI committee limited the miner data to
exposures that approach those in typical residences; even with this restriction of the
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data, the number of lung cancers exceeded the total number analyzed by the BEIR
IV committee.  Models were developed on the basis of data on exposures under
0.175 Jhm–3 (50 WLM) and under 0.350 Jhm–3 (100 WLM) (Lubin and others
1997).  The remaining data include sufficient lung-cancer cases for analysis and
cover the range of cumulative exposures for most of the general population.  For the
exposures used, the inverse exposure-rate effect is not considered to be important
(see chapter 2).  Table 3-4 describes the unrestricted and restricted data.  There
were 274,161 person-years of observation among occupationally nonexposed work-
ers, including 115 lung-cancer cases.2  For exposures under 0.350 Jhm–3 (100
WLM), there were 564,772 person-years (64% of total exposed person-years) and

2When the unrestricted data are used, there were 266,547 person-years and 113 cases among
“nonexposed” workers. The difference is due to the different categorizations used in the creation of
the person-years tables.

TABLE 3-3 Parameter estimates from BEIR VI models based on original
(Lubin and others 1994) and updated pooled (Lubin and others 1997) miner
data

Exposure-age-duration modela Exposure-age-concentration modela

Original Updated Original Updated
data data data data

βb × 100 0.39 0.55 β × 100 6.11 7.68

Time-since-exposure windows
θ5-14 1.00 1.00 θ5-14 1.00 1.00
θ15-24 0.76 0.72 θ15-24 0.81 0.78
θ25+ 0.31 0.44 θ25+ 0.40 0.51

Attained age
φ<55 1.00 1.00 φ<55 1.00 1.00
φ55-64 0.57 0.52 φ55-64 0.65 0.57
φ65-74 0.34 0.28 φ65-74 0.38 0.29
φ75+ 0.28 0.13 φ75+ 0.22 0.09

Duration of exposure Exposure rate (WL)
γ<5 1.00 1.00 γ<0.5 1.00 1.00
γ5-14 3.17 2.78 γ0.5-1.0 0.51 0.49
γ15-24 5.27 4.42 γ1.0-3.0 0.32 0.37
γ25-34 9.08 6.62 γ3.0-5.0 0.27 0.32
γ35+ 13.6 10.2 γ5.0-15.0 0.13 0.17

γ15.0+ 0.10 0.11

aParameters estimated on the basis of the model RR = 1 + βw*φaγz fit using the two-stage method
where w* = w5-14 + θ15-24w15-24 + θ25+ w25+.  Here the subscript a denotes categories of attained
age and the subscript z denotes categories of either exposure duration (in years) or radon concentra-
tion in WL.
bUnits are WLM–1.
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562 lung-cancer deaths (21% of total exposed cases); for exposures under 0.175
Jhm–3 (50 WLM), there were 454,159 person-years (51% of total exposed person-
years) and 353 lung-cancer deaths (13% of total exposed cases).

In addition to fitting of the full model (2), the constant linear RR model in
equation (1) was fitted to the restricted data.  For model (1), estimates of β with
exposures restricted to less than 0.175 Jhm–3 (< 50 WLM) and < 0.350 Jhm–3

(< 100 WLM) were 3.343 /Jhm–3  (95% CI, 0.571-7.143) and 2.286/ Jhm–3 (95%
CI, 0.857-4.000), respectively.  For the unrestricted data, the estimate of β was
1.257/ Jhm–3 (95% CI, 0.571-2.857).  For exposures under 0.350 Jhm–3, there was
some suggestion of nonlinearity, but fitting a nonlinear model (RR = 1 + βwγ) did
not significantly improve the model fit (p = 0.30).  In accord with the biophysical

TABLE 3-4 Numbers of lung-cancer cases and person-years and exposure
information for cases in the pooled miner data and in data with restrictions of
exposure

0.175 Jhm–3 0.35 Jhm–3

(<50 WLM) (<100 WLM) No restrictions

Cohort
China 77 116 980
Czech 15 77 705
Colorado 15 22 336
Ontario 180 231 291
Newfoundland 21 24 118
Sweden 17 36 79
New Mexico 8 11 69
Beaverlodge 42 49 65
Port Radium 20 25 57
Radium Hill 52 53 54
France 22 33 45

All data combineda

Lung-cancer deaths
Nonexposed 115 115 113
Exposed 353 562 2674

Person-years
Nonexposed 274,161 274,161 271,457b

Exposed 454,159 564,772 883,996
Mean values for exposed lung-cancer cases

WLM 19.7 40 493.6
WL 0.9 1.2 4.1
Years since last exposure 17 17.4 13.8
Duration of exposure, yr 5.4 6.6 14.1
Attained age, yr 50 58.6 58.5

aTotals exclude 115 workers and 12 lung-cancer cases that were in both the Colorado and New
Mexico studies. The cases had exposures in excess of 0.35 Jhm–3 (100 WLM).
bThe numbers of “nonexposed” person-years and lung-cancer cases differ because of the factors that
define the person-years.
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model for the inverse exposure-rate effect, the gradients of increasing effects
with increasing duration of exposure and of decreasing effects with increasing
exposure-rate suggest diminution of the inverse exposure rate effect at less than
0.350 Jhm–3, compared with the results with the unrestricted data.  Other patterns
of modification of the exposure-response coefficient (β) in the restricted analyses
were consistent with the patterns with the unrestricted data for all factors except
attained age. The excess RR declined with time since exposure and exposure rate,
and increased with exposure duration.  Although the exposure-response relation-
ship did not vary significantly with exposure rate and duration factors in the
restricted data, it increased with attained age for exposures under 0.350 Jhm–3,
whereas it decreased with attained age in the unrestricted data.  Lubin and others
(1997) fit the exposure-duration and exposure-rate models to the unrestricted
data.  The models with parameters fixed were then applied to data restricted to
< 0.175 Jhm–3 (< 50 WLM).  The deviances from these fits were similar to the
deviances obtained using the simple linear excess RR model in WLM for re-
stricted data.  These results indicate that the exposure-duration model and the
exposure-rate model obtained from the unrestricted data adequately described the
low-exposure data.

COHERENCE OF EVIDENCE FROM MINERS
AND FROM THE GENERAL POPULATION

The committee also assessed the comparability of the miner-based models
with the evidence from the case-control studies in the general population, an
additional source of information on risks posed by indoor radon.  A meta-analysis
of 8 case-control studies, each having 200 or more lung-cancer cases and esti-
mates of exposure, has been conducted (Lubin and Boice 1997; see appendix G).
The committee also assessed the comparability of risk estimates from these data
resources: the full miner data set, the exposure-restricted miner data set, and the
residential case-control studies.

The miner-based models and the results from the meta-analysis are not strictly
parallel; the miner-based models are time- and age-dependent, and the meta-
analysis is based on a log-linear RR model for the time-weighted average expo-
sure rate in an exposure window selected by each of the investigators.  A log-
linear model for RR gives estimates of risk comparable with those from the linear
model (equation 1) with relative risks near unity.  To compare estimates made
with the different models, the RR was calculated for 30 yr of exposure at 148
Bqm–3 (4 pCiL–1).  The results are as follows.

• Miner-based exposure-age-duration or exposure-age-concentration
models, full data set:  For a person 65-69 yr old, the estimated RR is 1.11 with
the exposure-age-duration model and 1.26 with the exposure-age-concentration
model.
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• Miner-based constant-ERR model, data restricted set to under 0.175
Jhm–3 (50 WLM):  For a person in the same age category, the estimated RR is
1.17.  This estimate is not age-dependent.

• Model based on meta-analysis of residential case-control studies:  The
estimated RR for a person living in a home for 30 years at 148 Bqm–3 (4 pCiL–1)
is 1.14 (95% CI, 1.01-1.30).  This estimate is not age-dependent.

The models derived from the full and restricted miner data provide similar
RR estimates for the scenario of indoor exposure.  That comparability supports
the assumption of linearity of the exposure-response relationship across the range
of exposures encompassed by the miner data. There is also coherence between
the miner-based risk estimates and the estimate based on the meta-analysis of
case-control studies, in which the exposures of participants span the range of
typical indoor exposures (see Figure 3-1 and appendix G).  The coherence further
supports the extrapolation of the exposure-response relationship from the miner
studies to the general population.  However, the meta-analysis could not describe
the exposure-response relationship at the lower end of residential exposure pre-
cisely.  The comparison of the 3 models does not explicitly take into account any
differential effects of smoking on radon risks in the 3 data sets—the full and
restricted miner data and the case-control data.  However, differences in propor-
tions of ever-smokers in the 3 data sets were likely to have been small and were
not likely to have introduced major bias in the comparison of radon risks.

Results from the indoor case-control studies do not provide direct informa-
tion on lifetime risks posed by radon exposure.  The excess risk of 14% at 148
Bqm–3 corresponds to only 30 years of exposure in a house at a constant radon
concentration and hence does not reflect the risk of lung cancer associated with
lifetime exposure, where the estimated excess lifetime relative risk at 148 Bqm–3

based on the miner models is 40-50% (Table 3-5).  Estimated relative risks from
indoor studies and from miner-based models reflect a 30-year exposure period at
148 Bqm–3 and not lifetime exposures at this level.  Thus, if exposures outside
this 30-year period influence lung-cancer risk, as suggested by the miner data,
then the 14% excess relative risk at 148 Bqm–3 from indoor studies is a biased
estimate of the lifetime relative risk at this concentration and therefore cannot be
used to estimate attributable risks for a population.

BEIR VI RISK ASSESSMENT FOR LUNG
CANCER IN GENERAL POPULATION

Introduction

To extrapolate the risk model from the BEIR VI analyses of miner risks to
residential exposures, several assumptions must be made (Table 3-6).  The as-
sumed shape of the exposure-response relationship is critical.  A linear relation-
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FIGURE 3-1 Contributions to the population attributable risk as a function of radon
concentration in U.S. homes, based on the BEIR VI risk models.
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ship was assumed in analysis of the miner data on the grounds that it is the
simplest model that provides a satisfactory fit to the data in the range of expo-
sures received by the miners.  However, to estimate population risks at exposures
outside the range of the miner data, a particular exposure-response relationship is
assumed at exposures lower than those received by the miners.  This assumption
needs to be supported by underlying biologic mechanisms.

The committee chose to use a linear relationship between risk and low doses
of radon progeny without a threshold.  That choice is based primarily on the
mechanistic considerations described in chapter 2.  In brief, those considerations
are related to the stochastic nature of the energy deposition by alpha particles; at
low doses, a decrease in dose simply results in a decrease in the number of cells
subjected to the same insult.  That observation, combined with the evidence that
a single alpha particle can cause substantial permanent damage to a cell and that
most cancers are of monoclonal origin, provides the mechanistic basis of the use
of a linear model at low doses.  In addition, as discussed above, exposure-
response relationships estimated from the observational data in miners with the
lowest exposures, and from the case-control studies of indoor radon, are consis-
tent with linearity (Figure 3-2).

Another critical issue in the extrapolation of risks to the general population is
that exposure rates in homes are a thousand-fold to a hundred-fold less from those
in most mines.  At levels of exposure experienced by miners, biologic consider-

TABLE 3-6 Assumptions required for extrapolating lung-cancer risk
estimates from miners to general population

Characteristic Assumption

Shape of exposure-response function Linear
Exposure rate Risks at residential levels comparable with those

in miners exposed at less than 0.298 Jm–3

(0.5 WL) (exposure-rate model) or for
durations longer than 35 yr (exposure-
duration model)

Sex Ratio of ERR to exposure is the same for males
and females

Age at exposure Ratio of  ERR to exposure is the same for all
ages at exposure

Tobacco smoking Submultiplicative interaction of smoking and
radon; on basis of analyses of ever- and
never-smoking miners, the ratio of ERR to
exposure for never-smokers is about twice
that for ever-smokers

Dosimetry of radon progeny in the lung No modification of risk required, because
dosimetric K factor estimated to be 1

Other differences between miners and Ratio of ERR to exposure not dependent on
 those exposed in homes these differences



Copyright © National Academy of Sciences. All rights reserved.

Health Effects of Exposure to Radon: BEIR VI
http://www.nap.edu/catalog/5499.html

MODELS AND RISK PROJECTIONS 89

ations reviewed in chapter 2 suggest that, for a particular total exposure, longer
duration of exposure is associated with increased risks.  However, for extrapolat-
ing from the lowest category of exposures in mines to typical residential expo-
sures (Figure 3-1), any modification of risk by exposure rate is thought to be
negligible because of the low probability of multiple alpha-particle traversals of
epithelial cells.  Exposure-rate effects are observed in the miner data (Lubin and
others 1995a) and have been incorporated into the committee’s models.  The
consistency of the risk estimates based on data at exposures lower than 0.175
Jhm–3 (50 WLM) and on the meta-analysis offers some support for using the
committee’s models in adjusting for exposure-rate effects at residential doses.

In addition to differing in exposure levels and exposure rates, the general
population differs from the miner cohorts in including females and persons
exposed at all ages and in tobacco-smoking and other exposures.  Assumptions

FIGURE 3-2 Summary relative risks (RR) from meta-analysis of indoor-radon studies
and RRs from pooled analysis of underground-miner studies, restricted to exposures un-
der 0.175 Jhm–3 (50 WLM).  Included are RR of 1, fitted exposure-response and its 95%
confidence interval from indoor-radon studies, and estimated linear RR based on ecologic
analysis by Cohen (1995).
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regarding the possible modifying effects of those factors are required to ex-
trapolate the miner-based risk estimates.  These assumptions are discussed
below.

As in the BEIR IV report, we applied the same risk model to baseline rates
for males and females, assuming a multiplicative joint association for exposure
and sex; that is, the ratio of ERR to exposure is assumed to be the same for males
and females, given specific ages, exposure rates and times since exposure.  The
background lung-cancer risk for females is lower than that for males, so this
assumption results in a smaller lifetime absolute excess risk for females attribut-
able to radon exposure.  There are no directly relevant data on modification by
sex of the risk posed by radon exposure.  Two somewhat contradictory analogies
can be made.  After occupational risk factors are adjusted for, the effects of
cigarette-smoking, for given durations and intensities, are at least as great in
females as in males (Doll and others 1980; Lubin and others 1984; Risch and
others 1993); this indicates consistency with a multiplicative interaction
(USDHHS 1990).  In contrast, among the Japanese atomic-bomb survivors, the
ERR per Gy for lung-cancer mortality was about 4 times greater in females than
in males, although the absolute excess risk was only about 50% greater in females
(Shimizu and others 1988).  That pattern of sex differences suggests that the
proportional translation of radiation effects from males to females could be incor-
rect.  The relevance of the observation in the Japanese atomic-bomb survivors,
who received whole-body acute exposure to gamma radiation and some neutron
radiation, to people exposed to localized lung doses of alpha radiation throughout
their lives is unclear.

The committee also assumed that the ERR per unit exposure does not vary
with age at exposure.  Analyses of the underground-miner data provided little
evidence of variation of the ratio of ERR to exposure with age at the start of
mining, but data on those exposed under the age of 20 yr are limited.  The atomic-
bomb survivor studies, which include many subjects exposed under the age of 20,
also give little indication that age at exposure modifies lung-cancer risk, although
estimates of parameters describing age effects for lung cancer are imprecise.  In
contrast, risks for several other radiation-induced cancers have shown strong age
dependency in atomic-bomb survivors and other cohorts.  There remains consid-
erable uncertainty with regard to a difference in effects between radon exposure
in childhood and in adulthood.

Analyses of the miner data indicate a combined effect of smoking and radon
intermediate between additive and multiplicative (see appendix A).  This type of
combined effect indicates synergism between smoking and radon, but the degree
of synergism could not be characterized with a high degree of precision.  In
estimating lifetime risk for ever-smokers and never-smokers, we used 2 ap-
proaches based on modeling the miner data.  In the first approach, we assumed a
multiplicative relationship (applying the risk model separately to lung-cancer
rates in ever-smokers and in never-smokers), recognizing that the risks to ever-
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smokers might be overestimated and the risks to never-smokers underestimated.
In the second approach, based on analysis of data from known ever-smoking and
never-smoking miners, we observed a submultiplicative relationship for the joint
association, wherein the ratio of ERR to exposure is greater in never-smokers
than in ever-smokers.  Acknowledging the limitations of the available data on
smoking, we considered the submultiplicative relationship to be preferable for
predicting population risk.  This preference was based on consideration of model
fit and on the higher ratio of ERR to exposure in never-smokers.

For the adjustment of age-specific lung-cancer mortality rates to reflect rates
in ever-smokers and never-smokers, we used assumptions based on 1993 data
(CDC 1995): relative risks for ever-smokers of 14 and 12 compared with never-
smokers and percentages of ever-smokers in the population of 58% and 42% for
males and females, respectively.  By definition, ever-smokers include both cur-
rent and former smokers.  These assumptions imply that 95% of cases of lung
cancer in men and 90% of cases in women are in ever-smokers; these percentages
are consistent with recent data reviewed in appendix C.  We assumed 18 yr as the
age of starting to smoke regularly.  Because of limitations of available data, risks
were not estimated separately for former smokers.

Finally, extrapolation from mines to homes requires consideration of the
factors that affect the relationship between exposure and dose to target cells in the
lung, such as particle size, distribution, and bronchial structure (appendix B).  We
have incorporated the formalism proposed in BEIR IV (NRC 1988) and the later
Panel on Dosimetric Assumptions (NRC 1991), in which the dose per unit expo-
sure in homes is related to the dose per unit exposure in mines by a dimensionless
factor K, described in detail in appendix B.  Figure 1-2 gives the components of
the extrapolation.  The exposure-dose factors can be addressed by modeling the
dose produced by a given exposure for relevant groups, including miners and the
various groups of occupants of homes (men, women, children, and infants).

Because the estimated median K-values for males, females, and children are
all close to 1, population risks have been projected with miner-based risk models
under the assumption that the dosimetric K is equal to 1.  However, uncertainty
analyses of population-risk projections were conducted to estimate the signifi-
cance of deviations from 1.

Measures of Risk

To assess the population lung-cancer risk posed by indoor radon, the model
for the exposure-response relationship is applied to the observed distribution of
residential radon exposures received by the U.S. population.  This risk-charac-
terization step yields the information needed by policy-makers and by stake-
holders, primarily the general public in this instance.  Previous estimates of the
numbers of lung-cancer deaths per year from indoor radon are based on such
calculations.
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Several measures can be used for risk characterization: population-level in-
dicators that describe the total risk to a population and individual-level indicators
that describe the risks to individuals who have specific exposures and particular
characteristics, such as, gender and smoking status.  For describing the risk to the
population, we have used the population attributable risk (AR), which describes
the burden of lung-cancer deaths that, in theory, could be prevented if all expo-
sures to radon were eliminated.  AR estimates include cases in ever-smokers and
never-smokers.  The cases in ever-smokers include those resulting from the
synergism between smoking and radon exposure; in principle these cases could
have been prevented either by smoking prevention (the smokers remained never-
smokers) or by reduction of indoor radon concentration to outdoor levels.  Al-
though the latter cannot be practically achieved, the committee provides AR
estimates for several radon mitigation scenarios that might be feasible through
programs to reduce exposures to indoor radon.  At the individual level, the
committee provides estimates of lifetime relative risk (LRR).  Those estimates
are based on a constant exposure rate over a lifetime for a cohort followed to
extinction compared with a similar cohort exposed to no radon also followed to
extinction.  The risks have been corrected for competing causes of death by using
standard lifetable methods as described in BEIR IV.

Relative-Risk Estimates

Lifetime Relative Risks

LRRs were computed with the committee’s exposure-age-concentration and
exposure-age-duration models (Table 3-5).  The LRR describes the proportional
increment in lung-cancer risk posed by radon exposure beyond the background
level (exposures from outdoor air).  In addition, LRR estimates were calculated
with the BEIR IV model and a constant-relative-risk model based on exposure-
restricted data for purposes of comparison.  Estimates were computed for expo-
sure scenarios that reflect indoor-radon exposure patterns of interest.

Table 3-5 shows the estimated LRRs for lifetime exposure at constant radon
concentrations of 25, 50, 100, 150, 200, 400, and 800 Bqm–3 (0.7, 1.4, 2.7, 4.1,
5.4, 10.8, and 21.6 pCiL–1).  Those concentrations were converted to annual
exposures by assuming an equilibrium of 40% between radon and its progeny
(appendix B) and assuming 70% of time spent at home.  The LRRs are similar for
the exposure-age-concentration model and the exposure-age-duration model. The
LRRs estimated with the BEIR VI models and the BEIR IV model are also
similar, even with the inclusion of exposure rate in the new model.  As antici-
pated, the LRR increases with exposure.  Women have a somewhat steeper
increase in LRR with increasing exposure than men because of their lower back-
ground lung-cancer mortality.  The higher LRRs in never-smokers than in ever-
smokers also reflect differing background mortality rates.



Copyright © National Academy of Sciences. All rights reserved.

Health Effects of Exposure to Radon: BEIR VI
http://www.nap.edu/catalog/5499.html

MODELS AND RISK PROJECTIONS 93

Population-Risk Estimates

Estimation of Attributable Risk

Following Levin (1953) and Lubin and Boice (1989), the attributable risk
(AR) of lung cancer due to ionizing radiation can be defined as the proportion of
lung-cancer deaths attributable to exposure to radon progeny.  The AR estimates
indicate the proportion of lung-cancer deaths that theoretically may be reduced
by reduction of indoor radon concentrations to outdoor levels.  The AR of lung
cancer from indoor exposure to radon can be estimated given the exposure-
response relationship for radon and lung-cancer risk, the distribution of indoor
radon concentrations, and mortality from lung cancer and from all causes.  Mor-
tality can be adjusted, as done by the USEPA (1992a), to reflect the mortality
pattern of a hypothetical population not exposed to radon.  However, the effect of
such an adjustment would be small and, because of the uncertainty inherent in
AR estimates, was not carried out.

ARs of lung cancer from indoor radon in the U.S. population were computed
with the exposure-age-duration and exposure-age-concentration models with the
parameter estimates from Table 3-3, the BEIR IV risk model, and the linear ERR
model fitted to data at exposures under 0.175 Jhm–3 (50 WLM).  AR calculations
were described in the BEIR IV report (NRC 1988), and are given in appendix A.
The BEIR VI risk assessment used the results of the National Residential Radon
Survey, which were based on a statistical sample of U.S. residences (Marcinowski
and others 1994).  The ARs based on the committee’s risk models and on the
constant linear ERR model were  similar (Table 3-7) and consistent with those
reported previously (USEPA 1992b; Lubin and Boice 1989; Lubin and others
1995a; Puskin and Nelson 1989).

When the model was applied separately to males and females and to ever-
smokers and never-smokers, the ARs were similar.  The ARs for the various risk
models used 1985-1989 mortality data (for both lung cancer and all causes of
death) and the same distribution for domestic radon concentration as shown in
Table 3-7.  The computed ARs for the total population with the current models
ranged from about 10 to 15%.  The AR estimates based on the various models
were similar both to each other and to the estimates based on the BEIR IV model.

In this analysis, we assumed a lognormal distribution for residential radon
concentrations, with a median of 24.8 Bqm–3 (0.67 pCiL–1) and a geometric
standard deviation of 3.11 (Marcinowski and others 1994).  In Table 3-8 and in
Figure 3-2, we present the ARs from each portion of the distribution of radon
concentrations in U.S. homes.  For males (results for females are similar), the
overall AR based on the exposure-age-duration model is estimated to be 0.099,
as compared to 0.141 with the exposure-age-concentration model, about 30%
less.  However, the percentage contributions to the overall distribution from
different percentiles of the exposure are very close for the two models.  The
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homes with higher radon concentrations contribute disproportionately to the
AR; the 49.9% of homes with radon levels of 25 Bqm–3 (0.68 pCiL–1) or less
account for only 12.8% (12.7% under the exposure-age-duration model) of the
overall AR, whereas the 5.9% of homes with radon levels above 148 Bqm–3

(4 pCiL–1), the Environmental Protection Agency (EPA) action level, account
for about 30% of the AR.

Attributable Risk Accounting for Smoking Status

The committee’s two risk models were initially developed without explicitly
incorporating the available data on smoking status. For estimation of the number
of lung cancers in the general population due to indoor exposure to radon prog-
eny, the BEIR IV committee and other groups have recommended that the same

TABLE 3-7 Comparison of attributable risks for indoor radon progeny
exposure in the U.S. for ever-smokers and never-smokers, using the risk
models with and without adjustment for a sub-multiplicative relationship
between radon progeny exposure and smoking

Multiplicative Sub-multiplicative
modelb modelc

Total Ever- Never- Ever- Never-
Model populationa smokers smokers smokers smokers

Males
Committee preferred models

Exposure-age-concentration 0.141 0.136 0.149 0.125 0.258
Exposure-age-duration 0.099 0.096 0.105 0.087 0.189

Other models
CRRd (< 0.175 Jhm–3,

< 50 WLM) 0.109 0.105 0.117 0.096 0.209
BEIR IV 0.082 0.079 0.086 0.071 0.158

Females
Committee preferred models

Exposure-age-concentration 0.153 0.149 0.156 0.137 0.269
Exposure-age-duration 0.108 0.105 0.110 0.096 0.197

Other models
CRRd (< 0.175 Jhm–3,

< 50 WLM) 0.114 0.111 0.117 0.101 0.209
BEIR IV 0.087 0.085 0.089 0.077 0.163

aNo adjustment for smoking.
bUnadjusted risk model applied to each group, implying a joint multiplicative relationship for radon
progeny exposure and smoking.
cModels adjusted by multiplying the baseline ERR/WLM by 0.9 for ever-smokers and by 2.0 for
never-smokers.
dCRR = constant relative risk.
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risk model be applied to ever-smokers and to never-smokers, thereby assuming
the joint relationship of radon-progeny exposure and smoking to be multiplica-
tive (NRC 1988).  However, the current analysis, like some previous analyses,
indicates that, although the joint effect of radon-progeny exposure and smoking
is consistent with a multiplicative model, the most likely relationship is interme-
diate between multiplicative and additive. This intermediate combined effect
implies that estimates of the number of radon-associated lung-cancer deaths
among ever-smokers and never-smokers predicted with a multiplicative assump-
tion are too high for ever-smokers and too low for never-smokers.

Using the results of the analyses of the effect of radon-progeny exposure
among never-smokers and ever-smokers, we can modify the exposure-age-
concentration and exposure-age-duration models to account for smoking status.
There were insufficient data to develop a risk model for never-smokers directly,
but we can adjust the risk models on the basis of the relative difference in the
exposure-response relationships for ever-smokers and never-smokers.  When
only data on miners for whom some smoking information was available were
used, the overall ERR/0.0035 Jhm–3 was estimated to be 1.02% among never-
smokers (95% CI, 0.15-7.18%), and 0.48% among ever-smokers (95% CI, 0.18-
1.27%). Among these same miners, the overall ERR/0.0035 Jhm–3 ignoring smok-
ing status was 0.53% (95% CI 0.20%,1.38%).  An influence analysis, involving
omission of data from each of the cohorts with smoking data one at a time, did not
identify any one cohort as having a dominant effect on these estimates.

The estimated ratios of ERR per unit exposure based on the miner data on
ever-smokers and on never-smokers are directly comparable only insofar as mean

TABLE 3-8 Distribution of attributable risks for U.S. males from indoor
residential radon exposure, based on BEIR VI models

Contribution to AR

Exposure Proportion of Exposure-age- Exposure-age-

range, homes in concentration model duration model

Bqm–3 Range, % Actual % Actual %

0-25 49.9 0.018 12.8 0.013 12.8
26-50 23.4 0.026 18.5 0.018 18.4
51-75 10.4 0.020 14.2 0.014 14.2
76-100 5.4 0.015 10.5 0.010 10.5

101-150 5.2 0.020 13.9 0.014 13.9
151-200 2.4 0.013 9.2 0.009 9.2
201-300 1.8 0.014 9.6 0.010 9.7
301-400 0.7 0.007 5.2 0.005 5.3
401-600 0.4 0.006 4.5 0.005 4.6
601 + 0.4 0.002 1.5 0.002 1.6
Total 100.0 0.141 100.0 0.099 100.0
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age, time since exposure, and exposure rate—factors known to modify the ra-
tio—are similar for ever-smokers and never-smokers.  Those modifiers were
found to differ only slightly between the two groups: never-smokers were 1 yr
older, their time since last exposure was 6 mo longer, and their exposure rate was
90% of that of ever-smokers. We therefore assumed that the estimated ratios
approximate the relative effects of radon-progeny exposure in ever-smokers and
never-smokers.

Among miners with smoking data, the proportional effect of exposure among
ever-smokers relative to the overall effect without considering smoking status
was 0.9 (0.48/0.53); among never-smokers, the relative effect was about 1.9
(1.02/0.53).  To modify the risk models for smoking status, we adjusted the
estimated baseline ERR/0.035 Jhm–3 without altering the parameter estimates to
take into account the various modifying factors.  Specifically, in the exposure-
age-concentration model, the overall estimate for β of 0.0768 for all miners
combined was reduced to 0.069 for ever-smokers and increased to 0.153 for
never-smokers.  In the exposure-age-duration model, the estimate of 0.0055 was
reduced to 0.0050 for ever-smokers and increased to 0.011 for never-smokers.
ARs for indoor radon-progeny exposure in the US for ever-smokers and never-
smokers, based on risk models with and without this adjustment, are given in
Table 3-9.

In 1995, about 157,400 lung-cancer deaths—95,400 in men and 62,000 in
women—occurred in the United States (Boring and others 1995).  Most lung-

TABLE 3-9 Estimated attributable risk (AR) for domestic exposure to radon
using 1985-89 U.S. population mortality rates based on selected risk models

Ever- Never-
Model Population smokersa smokersa

Males
Committee’s preferred models

Exposure-age-concentration 0.141 0.125 0.258
Exposure-age-duration 0.099 0.087 0.189

Other models
CRRb (< 0.175 Jhm–3, < 50 WLM) 0.109 0.096 0.209
BEIR IV 0.082 0.071 0.158

Females
Committee’s preferred models

Exposure-age-concentration 0.153 0.137 0.269
Exposure-age-duration 0.108 0.096 0.197

Other models
CRRb (< 0.175 Jhm–3, < 50 WLM) 0.114 0.101 0.209
BEIR IV 0.087 0.077 0.163

aBased on the committee’s preferred submultiplicative model for the joint effect of smoking and
radon.
bCRR = constant relative risk.



Copyright © National Academy of Sciences. All rights reserved.

Health Effects of Exposure to Radon: BEIR VI
http://www.nap.edu/catalog/5499.html

MODELS AND RISK PROJECTIONS 97

cancer cases occur among ever-smokers: about 95% of cases in male ever-
smokers and 90% in female ever-smokers (appendix C). This assumption places
a higher proportion of cases in smokers than did the previous report of Lubin and
colleagues (1994a), which assumed only 85% of cases to be in smokers. Table
3-10 shows the estimated lung-cancer deaths in the United States in 1995, includ-
ing those attributable to indoor radon progeny exposure according to the pre-
ferred BEIR VI models.

Effect of Radon Mitigation on Attributable Risk

The overall AR describes the anticipated consequences of virtual elimination
of indoor radon exposures under the committee’s risk models.  A more-realistic
assessment of the reduction of attributable risk due to radon exposure mitigation
focuses on exposure-reduction scenarios that might actually be achieved.  Lubin
and Boice (1989) considered three such scenarios: all homes above 148 Bqm–3

(4 pCiL–1) are reduced to zero, that is, the outdoor level, all homes above 148
Bqm–3 (4 pCiL–1) are distributed at a lower concentration below 148 Bqm–3

TABLE 3-10 Estimated number of lung cancer deaths in the U.S. in 1995
attributable to indoor residential radon progeny exposure

Lung-cancer deaths attributable to radon
progeny exposure (No.)

Smoking Number of lung- Exposure-age- Exposure-age-
status cancer deaths concentration model duration model

Malesa

Total 95,400 13,000b 12,500c 9,200b 8,800c

Ever-smokers 90,600 12,300 11,300 8,700 7,900
Never-smokers 4,800 700 1,200 500 900

Femalesa

Total 62,000 9,300 9,300 6,600 6,600
Ever-smokers 55,800 8,300 7,600 5,900 5,400
Never-smokers 6,200 1,000 1,700 700 1,200

Males and Females
Total 157,400 22,300 21,800 15,800 15,400

Ever-smokers 146,400 20,600 18,900 14,600 13,300
Never-smokers 11,000 1,700 2,900 1,200 2,100

aAssuming that 95% of all lung cancers among males occur among ever-smokers, and that 90% of
all lung cancers among females occur among ever-smokers.  Percentages of ever-smokers in the
population were 58% and 42% for males and females respectively.
bEstimates based on applying same risk model to ever-smokers and never-smokers, implying a joint
multiplicative relationship for radon progeny exposure and smoking.
cEstimates based on applying a smoking adjustment to the risk models, multiplying the base-
line ERR/WLM by 0.9 for ever-smokers and by 2.0 for never-smokers, the committee’s preferred
approach.
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(using a truncated log-normal distribution), and all homes above 148 Bqm–3 (4
pCiL–1) are reduced to exactly 148 Bqm–3 (4 pCiL–1).  These AR apply to a mixed
population of male ever-smokers and never-smokers with exposures correspond-
ing to the 1993 distribution of radon concentrations in U.S. homes.  Because the
distribution of radon concentration is approximately lognormal with the bulk of
the population exposed to very low levels, the effective AR is substantially lower
than the total AR.  Effective ARs (EARs), which indicate the fraction of total
lung-cancer deaths that would be eliminated by implementing one of these miti-
gation scenarios, are shown in Table 3-11.  For example, under the exposure-age-
concentration model, mitigating homes at or above 148 Bqm–3 (4 pCiL–1) would
result in an estimated reduction in lung-cancer mortality of 4.2% if homes were
mitigated to zero, 3.7% if homes were distributed across the range of levels below
148 Bqm–3  (4 pCiL–1) (on the basis of a truncated lognormal distribution), or
1.7% if homes were mitigated to exactly 148 Bqm–3 (4 pCiL–1).  The second
mitigation scenario is probably the most-appropriate characterization, and the
first and third scenarios are limiting scenarios.  Eliminating exposures at concen-
trations above 148 Bqm–3 (4 pCiL–1) results in an EAR of about 4%.  Thus,
10-15% of all lung cancers are estimated as attributable to indoor  radon, and
eliminating exposures in excess of 148 Bqm–3 (4 pCiL–1) would reduce the lung-
cancer burden from radon to 7-11% of all lung-cancer cases.

TABLE 3-11 Effective attributable risks (EARa) for lung cancer from
residential radon exposure to radon using 1985-89 U.S. population mortality
rates and the BEIR VI models

Modified radon distributionsb

“Eliminate” Cut-off Cut-off Exact
Model all exposures in Bqm–3 in pCiL–1 “0” Truncated cut-off

Exposure-age-
concentration 0.141

37 1 0.110 0.092 0.068
74 2 0.078 0.065 0.040

148 4 0.042 0.037 0.017
Exposure-age-

duration 0.099
37 1 0.077 0.065 0.049
74 2 0.055 0.047 0.028

148 4 0.031 0.027 0.012

aEAR, the effective attributable risk, indicates the fraction of total lung-cancer deaths that would be
eliminated by radon-exposure mitigation.
bPopulation distribution of radon concentrations in homes based on Marcinowski and others (1994)
new residential radon survey.  All homes over cut-off are assumed mitigated: to zero exposure
(denoted “0”); to levels under cut-off based on a truncated log-normal distribution (denoted “trun-
cated”); or to exactly cut-off (denoted “Exact cut-off”).
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The rationale for and the biologic justification of the committee’s choice of a
linear, nonthreshold exposure-response relationship for the calculation of risk,
particularly at low total exposures, is given in chapter 2.  Results of the miner
studies and of studies of indoor radon exposure are consistent with a linear
relationship throughout the entire range of residential radon exposures, and there
is no evidence of a threshold exposure below which exposure carries no risk.
However, data on the lowest residential exposures are sparse, and a threshold
exposure below which exposure does not increase risk is theoretically possible.

Table 3-12 shows the effects on the AR and the EAR of assuming a linear
model, but with various threshold exposures below which there is no increased
risk and from which threshold risk increases with the slope used in the non-
threshold model.  In this table, threshold exposures are specified in terms of
concentrations: exposures at or below the indicated concentrations are assumed
to not increase lung-cancer risk.  With the assumed thresholds, the total estimated
lung-cancer burden to the population is lower than with the committee’s no-
threshold model.  For example, if the threshold were 74 Bqm–3 (2 pCiL–1), the
total AR—the proportion of lung cancer eliminated on removal of all risk from
residential radon exposure—is reduced from 0.141 to 0.083 according to the
committee’s exposure-age-concentration model, or from 0.099 to 0.058 accord-
ing to the exposure-age-duration model.  However, mitigating homes over 148
Bqm–3 (4 pCiL–1)—distributing high-radon homes to levels below this—increases
the effective AR from 0.037 to 0.044 (exposure-age-concentration model) or
from 0.026 to 0.031 (exposure-age-duration model).  The increased effectiveness
of mitigation is the result of lowering levels in homes with concentrations over

TABLE 3-12 Estimated attributable risk (AR) and effective attributable risk
(EAR) for lung-cancer deaths in the U.S. from residential exposure to radon
and it progeny and the consequences of assuming a threshold for exposure,
below which there is no risk of lung cancer deatha

Exposure-age-concentration Exposure-age-duration
Thresholdb model model

Bqm–3 pCiL–1 AR EARc AR EARc

0 0 0.141 0.037 0.099 0.026
37 1 0.113 0.040 0.079 0.028
74 2 0.083 0.044 0.058 0.031

148 4 0.048 0.048 0.033 0.033

aEstimates are based on the committee’s exposure-age-concentration and exposure-age-duration mod-
els and assume constant lifetime exposure.
bExposures at or below the indicated threshold level are assumed to carry no risk of lung cancer.
cEffective attributable risk estimates the proportion of radon-induced lung-cancer deaths which could
be prevented if the distribution of radon concentration in houses was modified.  In this example,
EAR is based on reducing the radon concentration in all homes above 148 Bq/m3 to a level between
the outdoor level and 148 Bq/m3 (4 pCiL–1), based on a truncated log-normal distribution.
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148 Bqm–3 (4 pCiL–1) to concentrations below 148 Bqm–3 (4 pCiL–1), which
carry some risk assuming no threshold, to levels which carry no risk, assuming an
exposure threshold.  Thus, if there were a threshold exposure level, then the
estimated total lung-cancer burden attributable to radon would decline, whereas
the percentage reduction in the lung-cancer burden that could be achieved through
any practical radon mitigation strategy would increase.

SOURCES OF UNCERTAINTY

Quantitative estimates of human cancer risk are subject to a number of
uncertainties, which need to be considered in risk management decision making.
We discuss below sources of uncertainty in estimates of lung-cancer mortality
associated with exposure to indoor radon in the United States.  The initial discus-
sion is in qualitative terms; the committee’s quantitative treatment of uncertainty
is described fully in appendix A and summarized later in this chapter.

Table 3-13 lists sources of uncertainty and categorizes them according to the
steps in the risk-assessment process as discussed in appendix A.  The material
that follows discusses only uncertainties in the model relating lung-cancer risk to
exposure (Table 3-13, part I).  The model for addressing differences in radon-
progeny dosimetry in mines and in homes (Table 3-13, part II) is discussed

TABLE 3-13 Sources of uncertainty in estimates of lifetime risk of lung
cancer mortality resulting from exposure to radon in homes

III Sources of uncertainty arising from the lung-cancer risk model
A Uncertainties in parameter estimates derived from miner data

1 Sampling variation in the underground miner data;
2 Errors and limitations in the underground miner data;

a) Errors in health effects data including vital status and information on cause of
death;

b) Errors in data on exposure to radon and radon progeny including estimated
cumulative exposures, exposure rates and durations;

c) Limitations in data on other exposures including data on smoking and on other
exposures such as arsenic.

B Uncertainties in application of the model to the general
1 Shape of the exposure/exposure rate response function for estimates at low

exposures and exposure rates;
2 Temporal expression of risks;
3 Dependence of risks on sex;
4 Dependence of risks on age at exposure;
5 Dependence risks on smoking status.

III Sources of uncertainty arising from the exposure/dose model
III Sources of uncertainty arising from the exposure distribution model

1 Estimate of the average radon concentration;
2 Estimate of the average equilibrium fraction;
3 Estimate of the average occupancy factor.

IV Sources of uncertainty in the demographic data used to calculate lifetime risk
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briefly in appendix A and more thoroughly in appendix B.  Uncertainties in the
exposure distribution for the U.S. population (Table 3-13, part III) apply to AR
estimates (Tables 3-7 through 3-11), but do not apply to estimates of LRR asso-
ciated with specified exposure scenarios (Table 3-5).  The exposure distribution
used in calculating AR was taken from Marcinowski and others (1994) and is
discussed in appendix G.  Uncertainties in the demographic data (Table 3-13) are
briefly discussed in appendix A.  Puskin (1992) discusses sources of uncertainty
in BEIR IV risk estimates; much of this discussion is relevant, at least in general
terms, to the BEIR VI risk estimates.

Uncertainties in Parameter Estimates Derived
from Underground-Miner Data

Uncertainty Due to Sampling Variation

Uncertainty resulting from sampling variation differs from uncertainty of most
other sources in that it can be quantified using statistical methods.  However,
because estimates of lifetime risks are a complex function of the parameters of the
risk model, Monte Carlo simulations are needed to obtain confidence intervals for
such estimates. The committee’s simulations, which include sampling variation as
well as other sources of uncertainty, are described later in this section.

Errors in the Underground Miner Data

Errors in the data from the 11 miner cohorts used to construct the committee’s
risk model contribute additional uncertainty in parameter estimates.  Errors in
determination of vital status and cause of death could also potentially result in
bias.  However, because the analyses of the miner cohorts were based on internal
comparisons within each of the cohorts, the effect of any bias from errors in
health outcome data is not likely to be large, unless the errors depended on the
level of exposure, which seems unlikely.

Errors in estimates of miner exposures are more likely to have biased esti-
mates of risk.  These errors occurred because measurements of radon and radon
progeny were limited for many of the mines, especially during the early periods
of mine operation (see appendix F).  These limitations could have led to both
systematic and random errors in estimates of exposure of individual miners.
With regard to systematic bias, historical accounts were not sufficient to deter-
mine the overall magnitude or even the overall direction of bias.  It is possible
that different types of systematic bias affecting the estimates might not negate
each other.  It is well known that random measurement error in the exposure
estimates can lead to underestimation of risk (see appendix G).  The complex
nature of the error structure and the lack of adequate data on all sources of error
make it difficult or impossible to quantify its impact on risk estimates.
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For most of the miner cohorts, errors in exposure estimates were likely to
have been largest in the earliest periods of operation, when exposure rates were
highest and fewer measurements were made or, in some cases, simple estimates
were made in the absence of measurements.  For that reason, measurement errors
might affect not only the estimates of the overall risk coefficient, but also esti-
mates of parameters that describe the relationship of risk with time-related vari-
ables, such as exposure rate, time since exposure, and age at risk.  However,
analyses restricted to exposures below 0.175 Jhm–3 and below 0.350 Jhm–3 led to
attributable risk estimates that were very similar to those obtained with the
committee’s recommended models based on the full miner data set.  Miners
exposed at those low levels were employed predominantly in later periods when
exposure-assessment methods had improved substantially, and their exposure
estimates were probably affected to a lesser degree by measurement error than
those of the miners who worked in the earlier periods.

In addition to radon progeny, some underground miners were exposed to
arsenic, silica, and diesel fumes (see appendix F).  Because those exposures might
be positively associated with radon exposures, there is a potential for confounding
if no adjustment is made.  The other exposures might also have enhanced the risk
posed by radon for miners through synergism.  Such potential synergism consti-
tutes a further source of  uncertainty in extending miner-based risk estimates to the
general population, which is not exposed to those agents.  Limitations in the avail-
able data on miners make it difficult to evaluate bias in risk estimates for radon
progeny because these other agents are not adequately considered.

In spite of the differences among the cohorts, an influence analysis showed
that the AR estimates did not reflect an undue influence by any particular cohort
(Table 3-14).  The AR estimate changed by a few percent at most as individual
cohorts were removed from the analysis.

TABLE 3-14 Influence analysis for the population attributable risk, based on
calculating the AR after omitting data from each of the 11 cohorts

Population attributable risk (AR)

Cohort excluded Exposure-age-concentration model Exposure-age-duration model

None 0.141 0.099
China 0.175 0.124
Czechoslovakia 0.137 0.101
Colorado 0.137 0.104
Ontario 0.151 0.099
Newfoundland 0.135 0.100
Malmberget 0.144 0.099
New Mexico 0.136 0.096
Beaverlodge 0.128 0.083
Port Radium 0.148 0.101
Radium Hill 0.129 0.081
France 0.150 0.106
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Smoking is also of potential concern both as a confounder and as a modi-
fier (appendix C).  The high prevalence of smoking among underground
miners is a potential source of uncertainty in extrapolating the BEIR VI mod-
els to the general population.  Because the committee does not expect strong
correlations between smoking and radon exposure, it is not greatly concerned
about uncontrolled confounding of radon risk estimates by cigarette-smoking.
Limitations of the available smoking data are of greater concern in evalu-
ating the modifying effects of smoking on risk posed by radon-progeny
exposure.

Uncertainties in Specification of the Lung-Cancer
Exposure-Response Model and Its Application to

Residential Exposure of the General U.S. Population

Uncertainties in model specification and application are especially important
for extrapolating risks from underground miners to persons exposed in homes.

Shape of the Exposure/Exposure-Rate Response Relations

Cumulative exposures and exposure rates were generally much higher in
underground mines than in homes, consequently, it might be thought of that the
most-critical aspect of the committee’s model development process is the choice
of method for extrapolating risks to residential exposures.  However, the com-
mittee’s recommended risk models included parameters that specifically esti-
mated effects at average exposure rates less than 0.03 Jm–3 (0.5 WL) and aver-
age exposure durations exceeding 35 yr, the rates and durations of principal
interest for residential exposures.  Furthermore, restricted analyses based on
miners with lower cumulative exposures (less than 0.175 or 0.350 Jhm–3) and
the meta-analysis of data from case-control studies of indoor radon led to risk
estimates that were very similar to those based on the committee’s recommended
models.

Temporal Expression of Risk

The committee’s risk model provides for a decline in risk with time since
exposure and with age at risk.  Although those patterns were consistently identi-
fied in nearly all the underground-miner cohorts, estimates of the effects could
have been biased by errors in exposure measurements and in classification of
death as due to lung cancer, as well as changes in smoking habits over time.  We
note that lifetime risk estimates based on miner data restricted to concentrations
below 0.175 or 0.350 Jhm–3, and on the assumption that risks did not decline with
time since exposure or with age at risk, were similar to estimates based on the
committee’s recommended models.



Copyright © National Academy of Sciences. All rights reserved.

Health Effects of Exposure to Radon: BEIR VI
http://www.nap.edu/catalog/5499.html

104 HEALTH EFFECTS OF EXPOSURE TO RADON

Dependence of Risks on Sex

The cohorts used to develop the committee’s model included only men.  The
committee has chosen to assume that risks to males and females are comparable
on a multiplicative scale, which leads to risks for females that are about one-third
those for males and about one-third of those which would have been obtained had
risks been assumed to be comparable in males and females on an absolute scale.
The committee had no basis for further quantifying the uncertainty associated
with the choice of the multiplicative rather than the additive scale.

Dependence of Risks on Age at Exposure

Using the limited data available, the committee did not find evidence that
age at exposure modified lung-cancer risks in underground miners; the preferred
models were therefore based on the assumption that the excess relative risk did
not depend on age at exposure.  Data from the miner cohorts on exposures in
childhood are limited primarily to the Chinese tin miners; even in this cohort,
data on miners exposed in early childhood are sparse.  Clearly, the uncertainty in
lung-cancer risks in adults resulting from exposure in childhood is much greater
than in risks resulting from exposure in adulthood.

Dependence of Risks on Smoking Status

Evaluation of the modifying effect of smoking on lung-cancer risk is limited
by the extent of the available data on smoking.  Because of the need to extrapolate
from miners to the general population, with a lower proportion of ever-smokers,
uncertainties in the characterization of the combined effect of smoking and radon
exposure can affect estimates of overall and average population risks.  Uncer-
tainty in the combined effect has particular implications for the attribution of
cases into ever-smoking and never-smoking groups.  In the United States, about
half of persons who have ever smoked have now stopped (USDHHS 1990).
However, we did not calculate risks posed by radon exposure of former smokers,
because we lacked data on changes in lung-cancer mortality in miners in relation
to age and time since stopping smoking.

UNCERTAINTY ANALYSIS

The previous section identified factors that can contribute to uncertainty in
radon risk estimates.  In addition to a qualitative discussion of sources of uncer-
tainty, it is desirable to quantify the extent to which those sources contribute to
uncertainty in lung-cancer risk estimates.  Risk analysts recognize the importance
of addressing uncertainty in risk assessment (NRC 1994b) and have developed
methods for quantifying uncertainties (Bartlett and others 1996). Hoffman and
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Hammonds (1994) have recently applied such methods in assessing the cancer
risks associated with radionuclide exposure.

Methods for quantitative uncertainty analysis are discussed in detail in ap-
pendix A, including the general framework for the analysis of uncertainty devel-
oped by Rai and others (1996).  That framework is applicable when the risk
depends on a series of risk factors X1, . . . , Xp, each of which can be subject to
uncertainty and might vary among individuals in the population at risk.  Some
risk factors, such as body weight, might be subject to little uncertainty but vary
widely in the population of interest.  Other risk factors, such as genetic suscepti-
bility to particular types of cancer, might vary little in the population but be
subject to appreciable uncertainty.  If the uncertainty and the variability in each of
the risk factors can be specified, the overall effect of uncertainty and variability in
risk can be evaluated.  It is also possible to identify which risk factors contribute
most to overall uncertainty and variability.

Although not all potential sources of uncertainty were quantified, the com-
mittee conducted a number of limited analyses, which proved to be informative.
A complete quantitative analysis of all sources of uncertainty in factors affecting
radon lung-cancer risk is not feasible for two principal reasons.  First, it is diffi-
cult to enumerate all factors that may influence the lung-cancer risk associated
with environmental exposures to radon.  Second, characterization of the extent of
both interindividual variability and uncertainty of some of these factors may not
be possible using existing information.

To address uncertainty in radon risk estimates, the committee focused on those
factors included in the committee’s two preferred models: the exposure-age-
concentration model and the exposure-age-duration model.  In addition to the four
risk factors considered in each of these two models, the committee evaluated the
impact of uncertainty in the K-factor on the uncertainty range of AR estimates.

The committee used the methods proposed by Rai and others (1996) to
evaluate uncertainty in radon risk estimates.  That approach is applicable when-
ever the risk can be expressed as a function H(X1, . . . , Xp) of p risk factors X1, . . .,
Xp, and when both uncertainty and variability in each factor can be specified.  The
analysis is considerably simpler when the function H is multiplicative, with H =
X1x. . .xXp.

For purposes of the present report, the committee focused its attention on a
quantitative uncertainty analysis of the population attributable risk, this being of
most interest from the public health point of view.  Because the AR is a measure
of population rather than individual risk, the inter-individual variability in lung-
cancer risk is effectively averaged out in this analysis.  In other words, since the
AR is calculated by jointly integrating over the distribution of radon exposures
and the distribution of K among individuals in the population, the AR is subject to
uncertainty, but not variability.

The population attributable risk depends on the risk model used to describe
the exposure-response relationship between radon and lung cancer, the distribu-
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tion of radon concentration in U.S. homes, and the dosimetric K-factor.  The
methods adopted by the committee to evaluate uncertainty in the AR require
specification of the prior uncertainty in each of the factors affecting risk.  As
detailed in appendix A, the uncertainty in the parameters in the BEIR VI risk
models was described by log-normal distributions, with dispersion at least as
great as the sampling error in the estimated parameter value.  Variability among
radon concentrations in U.S. homes was characterized by a log-normal distribu-
tion used to describe the results of the National Residential Radon Survey; uncer-
tainty in individual radon measurements (measurement error) was not addressed
in this analysis.  Variability in the K-factor was also described by a log-normal
distribution based on a sample of observations in U.S. homes; uncertainty in K-
factors for specific homes was described by a log-uniform distribution.  Although
the committee exercised some judgment in specifying distributions, the result
represents a best attempt to allow for some degree of uncertainty in a number of
the critical factors affecting the AR.

Because the AR is not a simple multiplicative function, Monte Carlo meth-
ods were used to evaluate uncertainty under the committee’s preferred risk mod-
els.  As shown in Figure 3-3, this analysis leads to an uncertainty distribution
reflecting the likelihood of different possible values for the AR, centered roughly
at the best estimates of the AR given in Table 3-7.  Because the uncertainties in
the model parameters are largely statistical, the uncertainty distributions reflect-
ing only uncertainty in the parameters of the committee’s risk models (Figure 3-
3, case I) can be used to obtain approximate confidence intervals for the AR.  For
males (Figure 3-3a), 95% of the mass of this distribution falls in the range 0.09-
0.24 for the exposure-age-concentration model, and 0.07-0.16 for the exposure-
age-duration model.  For females (Figure 3-3b), the corresponding limits are
similar:  0.10-0.26 for the exposure-age-concentration model and 0.08-0.18 for
the exposure-age-duration model.  In this analysis, a constant value of K = 1 was
used.

A second uncertainty analysis was conducted in which variability in K was
taken into account (Figure 3-3, case II).  Allowing for variability in K does not
increase the dispersion of the uncertainty distribution for the AR, but does shift
the distribution to the right.  For males, the 95% uncertainty intervals for the
exposure-age-concentration and the exposure-age-duration models were 0.10-
0.22 and 0.08-0.18, respectively.  For females, the corresponding limits were
0.10-0.28 and 0.08-0.19, respectively.

The final analysis of uncertainty in the AR further acknowledged uncertainty
in the observed radon concentrations in U.S. homes as well as uncertainty in K
(Figure 3-3, case III).  This increased the range of uncertainty in the AR under
both risk models.  For males, the 95% uncertainty intervals were 0.10-0.26 for the
exposure-age-concentration model and 0.08-0.19 for the exposure-age-duration
model.  For females, the corresponding limits were 0.10-0.28 and 0.09-0.29,
respectively.
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FIGURE 3-3a  Uncertainty distributions for the population attributable risk (AR) for
males.  I:  uncertainty in model parameters.  II:  uncertainty in model parameters; variabil-
ity in K; variability in radon levels.  III: uncertainty in model parameters; uncertainty/
variability in K; variability in radon levels.
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FIGURE 3-3b  Uncertainty distributions for the population attributable risk (AR) for
females.  I:  uncertainty in model parameters.  II:  uncertainty in model parameters;
variability in K; variability in radon levels.  III: uncertainty in model parameters; uncer-
tainty/variability in K; variability in radon levels.
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The uncertainty in the estimated values of the AR gives bounds to predic-
tions of the number of lung-cancer cases attributable to residential radon expo-
sure in the United States.  For the exposure-age-duration model, the approxi-
mate 95% confidence limits on the AR imply a range of 11,400-26,200
lung-cancer cases for males and females combined.  This range reflects statis-
tical uncertainty in the central estimate of 15,400 cases given in Table 3-10.
For the exposure-age-concentration model, the corresponding range is 14,800-
38,600 cases, with a central estimate of 21,800 cases.  The uncertainty ranges
that take into account variability in K (case II in Figure 3-3) and uncertainty/
variability in K (case III in Figure 3-3) are comparable in width but shifted
slightly to the right because of the off-centering effect apparent in Figure 3-3
when variability in K is incorporated in the analysis.  It is important to note
that although these uncertainty limits encompass 95% of the mass of the un-
certainty distributions in Figure 3-3, the uncertainty distributions place most
of the mass nearer to the central values, indicating that values closer to the
center of the distribution are most likely.

Because both the exposure-age-duration and exposure-age-concentration
models fit the miner data equally well, the committee was unable to express a
preference for either model.  However, the committee noted that in as much as
these 2 models are based on exposure levels in mines that generally exceed those
in homes, model-based projections of the number of lung-cancer cases due to the
presence of radon in U.S. homes are appropriate only if the models apply equally
well at residential exposure levels.

To address that issue, the committee also calculated 95% uncertainty inter-
vals for the projected number of lung-cancer cases attributable to residential
radon exposure by using the constant-relative-risk (CRR) model restricted to
exposures less than 0.175 Jhm–3 (50 WLM) (Table 3-9).  Because this simple
CRR model involves only a single unknown parameter β (estimated to be 0.0117/
WLM), 95% confidence limits on β (0.002-0.225/WLM) can be used to obtain
corresponding confidence limits on the AR.  This simple uncertainty analysis,
which focuses on the subgroup of miners with exposure levels closest to those in
U.S. homes, provided 95% confidence limits of 3,300-32,600 lung-cancer cases
about the central estimate of 17,500 cases based on the estimates of the AR given
in Table 3-9.  Although these confidence limits are wider than those based on the
committee’s 2 preferred models because of the smaller sample, the CRR model is
based on observations closest to residential exposure levels.

As discussed previously and in appendix A, other factors might contribute to
uncertainty beyond those included in this analysis.  Nonetheless, this limited
analysis does indicate that the population AR of lung cancer due to radon in
homes is subject to considerable uncertainty.  The committee acknowledges that
this analysis of uncertainty and variability depends on the specific assumptions
made about uncertainty and variability in each of the factors affecting the AR.
Because characterization of variability and especially uncertainty in the factors is
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difficult, these particular assumptions reflect to a large extent the committee’s
best judgement.

COMPARISONS WITH BEIR IV

The BEIR VI committee’s risk models are closely related to the model
developed in the BEIR IV report.  The BEIR IV committee combined data from
4 cohort studies of underground miners (Colorado Plateau, Ontario, Sweden, and
Beaverlodge studies) and applied Poisson regression methods in model fitting.
The starting point for the BEIR VI committee was the recent pooling of 11
studies by Lubin and others (1994a, 1995a), which included the same or updated
data from the original 4 cohorts and data from seven additional cohorts.  Closely
comparable statistical methods were applied by both the BEIR IV and BEIR VI
committees.

BEIR IV AND BEIR VI RISK MODELS

The committee’s models are a direct extension of the BEIR IV model, which
included parameters for time since exposure and attained age, but not exposure
rate or exposure duration, as in the BEIR VI models.  The form of the BEIR IV
model is obtained from the BEIR VI models by setting θ15-24 = θ25+, φ65-74 = φ75+
and γz = 1, that is,

RR(w*) = 1 + β w φage. (3)

Parameter values for the BEIR IV model and the BEIR VI models show the same
general declining patterns for increasing time since exposure and attained age.
The decline in the ratio of ERR per unit exposure with attained age, however, is
more pronounced in the current models.  Note that the values for β are not
directly comparable, because the values reflect different baseline levels due to the
inclusion of different modifying factors in the BEIR IV and BEIR VI models.

The overall ERR per unit of exposure in the absence of all modifying factors
is not an adequate description of the relative risk from the miner studies and
should not be used for formal comparisons.  Nevertheless, the estimate of the
overall ERR/Jhm–3 for the 4 cohorts used in the BEIR IV report was 3.8 Jhm–3

(0.0134/WLM), whereas the value was 1.4 Jhm–3 (0.005/WLM) for the pooled
analysis of the 11 miner cohorts (Lubin and others 1994a).  Those values afford a
somewhat crude comparison, suggesting that the combined risk for miners in the
11 studies was less than the BEIR IV estimate.  Figures 3-4 through 3-6 show
more-direct comparisons of estimated LRR for selected exposure patterns in
miners.  Figure 3-4 shows LRRs by exposure rate from 0-5.95 Jm–3 (0-10 WL)
for 5, 10, and 20 yr of exposure.  BEIR IV estimates of LRRs for exposure rates
of 0.60 Jm–3 (1.0 WL) and greater were higher than estimates from current
models.  Similar patterns are seen in Figure 3-5, which shows LRRs by duration
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of exposure for exposures at constant rates of 0.30 Jm–3 (0.5 WL), 0.60 Jm–3 (1.0
WL), and 2.98 Jm–3 (5.0 WL).

Figure 3-6 provides comparisons of the various projections of LRR for life-
time exposure to radon at concentrations found in homes.  A K-factor of 1.0, an
equilibrium ratio of 0.4, and 70% home occupancy are assumed.  Slightly higher
LRRs are estimated with the exposure-age-concentration model than with the
exposure-age-duration and BEIR IV models; however, estimates of LRRs are
generally similar for concentrations of 1000 Bqm–3 (27.03 pCiL–1) and below,
levels that include the large majority of dwellings.

SUMMARY AND CONCLUSIONS

Radon is one of the most extensively studied known human carcinogens.  The
series of cohort mortality studies of underground miners in countries throughout the

FIGURE 3-6  Predicted lifetime relative risk of lung cancer for males and females by
“residential” radon concentration.  Exposure occurs over a lifetime at a constant radon
concentration.
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world is highly informative with respect to the risk of lung cancer associated with
exposure to radon. In each of those studies, miners have been shown to be at excess
risk for lung cancer under past conditions of exposure. The quantitative estimates of
exposures experienced by the miners, although subject to error, allow characteriza-
tion of exposure-response relationships for radon and lung cancer. These data
formed the basis for the development of the committee’s risk models.

Case-control studies of residential radon exposure and lung cancer have also
been conducted in various countries. Although also informative, the lower expo-
sures of people in these studies and methodologic problems make it very difficult
to identify the relationship between residential radon exposure and lung-cancer
mortality in an individual study.  However, the estimate of lung-cancer risk based
on a recent meta-analysis of these 8 studies is in close agreement with the risk
predicted on the basis of miner data.

The committee was fortunate to have available an update of the data on the
11 miner cohorts previously analyzed by Lubin and others (1994a).  The most-
recent data were used in developing the committee’s risk models.  The committee
recognized that great care is needed in combining data from different cohorts of
underground miners around the world.  The levels of exposure to radon and other
relevant covariates, such as arsenic and tobacco smoke, differed appreciably
among groups of miners.  The completeness and quality of the data available on
relevant exposures also differed notably among the cohorts.  Information on
tobacco consumption was available for only 6 of the 11 cohorts; of these 6, only
3 had information on duration and intensity of exposure to tobacco smoke.
Lifestyle and genetic factors that influence susceptibility to cancer might also
account for heterogeneity among cohorts.

Despite those differences, the committee concluded that the best possible
estimate of lung-cancer risk associated with radon exposure would be obtained
by combining the available information from all 11 cohorts in a judicious man-
ner.  The committee used statistical methods for combining data that both al-
lowed for heterogeneity among cohorts and provided an overall summary esti-
mate of the lung-cancer risk.  Confidence limits for the overall estimate of risk
allow for such heterogeneity.

The committee’s risk models described the ERR as a simple linear function
of cumulative exposure to radon, allowing for differential effects of exposure
during the periods 5-14 years, 15-24 years, and 25 years or more before lung-
cancer death.  The most weight was given to exposures occurring 5-14 years
before death from lung cancer.  The committee entertained 2 categorical risk
models in which the ERR was modified either by attained age and duration of
exposure or by attained age and exposure rate.  The ERR decreased with both
attained age and exposure rate and increased with duration of exposure.  For
cumulative exposures below 0.175 Jhm–3 (50 WLM), a constant-relative-risk
model without these modifying factors appeared to fit the data as well as the 2
models that allow for effect modification.
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Lung-cancer risks associated with radon exposure were characterized in sev-
eral ways.  The LRR was used to describe the lifetime risk of lung cancer among
people continually exposed to radon throughout the course of their lifetime rela-
tive to the risk among unexposed individuals.

The percentage of lung-cancer cases that can be attributed to residential
exposure to radon is of particular interest for risk management.  The committee
used data from the National Residential Radon Survey in combination with its 2
categorical risk models to estimate the AR posed by residential radon exposures.
The ARs were estimated to be in the range 10-15%.  These estimates are some-
what higher than the estimate of about 8% based on the data and methods of
BEIR IV.  About 30% of the AR was associated with homes having concentra-
tions above 148 Bqm–3 (4 pCiL–1).

Although the AR percentages were comparable for ever-smokers and never-
smokers under the multiplicative model, the number of radon-related lung-cancer
cases was much higher among ever-smokers than for never-smokers under the
multiplicative model.  Of the approximately 157,000 lung-cancer deaths occur-
ring annually, radon was estimated to play a role in about 15,000 to 22,000 cases.
Of these, 13,000 to 19,000 were in ever-smokers and 1,000 to 3,000 in never-
smokers, depending on the choice of the model.  These computed values repre-
sent the best estimates of the lung-cancer risk attributable to radon that can be
made at this time.

The committee recognized that these estimates are subject to uncertainty,
including kinds of uncertainty that are not captured by statistical confidence
limits on risk estimates.  Consequently, the committee attempted a quantitative
analysis of the uncertainty associated with estimates of the population AR.  This
analysis was itself limited, inasmuch as characterization of such sources of uncer-
tainty as exposure measurement error in the miner data is difficult.  Using data
whenever possible and expert judgment otherwise, the committee attempted to
describe the sources of uncertainty in its 2 categorical risk models.

The best estimates of the population AR were in the range 10 to 14% on the
basis of the committee’s preferred risk models.  The quantitative analysis con-
ducted by the committee provided limits within which the AR was considered to
lie with 95% certainty.  For the exposure-age-concentration model, the uncer-
tainty interval ranged from about 9 to 25%, with central estimates of about 14%.
This reflects a substantial degree of uncertainty in the AR, although the uncer-
tainty distributions indicated that values near the central estimates were much
more likely than values near the upper and lower limits.  For the exposure-age-
duration model, the AR ranged from 7 to 17%, and centered at about 10%.  The
committee also computed uncertainty limits for the simple constant-relative-risk
model fitted to the miner data below 0.175 Jhm–3 (50 WLM), which is based on
observations in miners closest to residential exposure levels.  The latter analysis,
which minimizes the degree of extrapolation outside the range of the miner data,
led to uncertainty limits of 2-21%, with a central estimate of about 12%.
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The committee also noted that its quantitative estimates of risks posed by
residential radon exposure depend strongly on the assumption of a linear relation-
ship, without a threshold, between low-dose exposure to radon and risk.  As
reviewed in chapter 2, that assumption is based on our current understanding of
the mechanisms of radon-induced lung cancer, although it is recognized that this
understanding is incomplete.  The committee did not attempt to quantitatively
address uncertainty due to the linear, no-threshold assumption, because specific
mechanistically plausible alternative dose-effect relationships were not identified
in the committee’s review.

Despite the uncertainty, the committee concluded that the weight of evidence
of the available data supports a finding that residential-radon exposure increases
lung-cancer risk.  The best estimate of risk that can be obtained at this time is
based on the committee’s analysis of the combined updated data on the 11 co-
horts of underground miners.  The committee noted that this estimate is consis-
tent with that derived from a recent meta-analysis of summary relative risks from
the 8 residential case-control studies conducted to date.

The committee questioned whether further residential studies are likely to
clarify the uncertainty surrounding residential-radon lung-cancer risks.  The case-
control studies conducted to date have been somewhat inconsistent.  While most
are compatible with the hypothesis of an elevated cancer risk, their results could
also be interpreted as compatible with the hypothesis of no increase in risk in
light of inherent uncertainties in data.  Further, the residential studies offer only
very limited information on never-smokers.  Clear evidence of an increased lung-
cancer risk in miners, many of whom were exposed to levels of radon only about
two-fold higher than associated with residence in some homes, played an impor-
tant role in supporting the committee’s conclusions about the likelihood of an
increased lung-cancer risk due to residential radon exposures.  The committee
agreed with the recommendations of workshops conducted by the Department of
Energy and the Commission of European Communities: further studies should
not be initiated until studies now in progress are completed and the data are
pooled from these studies and studies already completed are pooled.

The committee examined the effect of reductions in radon levels in U.S.
homes on lung-cancer risk, assuming different scenarios of the efficiency of
reduction.  On the basis of the committee’s categorical risk models, reducing
radon concentration in all homes that are above 148 Bqm–3 (4 pCiL–1) to below
148 Bqm–3 (4 pCiL–1) is estimated to result in the avoidance of about 3 to 4% of
lung cancers.
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This report focuses on the lung-cancer risk associated with radon progeny.
However, other health effects of exposure to radon progeny and to uranium
mining in general have also been of concern.  The health effects mentioned in the
literature are nonmalignant respiratory diseases in underground miners, cancers
other than lung cancer in miners and in the general population, and adverse
reproductive outcomes of pregnancies in the wives of uranium miners and in
communities adjacent to areas where uranium is mined and milled.  The BEIR IV
report addressed evidence available through 1987 on these potential health ef-
fects.  Its appendix V, on nonmalignant respiratory and other diseases in miners,
also covered effects on reproductive outcomes.

The evidence available to the BEIR IV committee on each of those issues
was sparse.  For nonmalignant respiratory diseases, animal studies provided some
relevant findings, and a few epidemiologic studies had been reported.  The com-
mittee noted that silicosis had been documented in silica-exposed populations of
uranium miners; the evidence in other fibrotic lung disorders, particularly inter-
stitial fibrosis, was limited.  With regard to reproductive outcomes, the BEIR IV
report found the data to be “sparse” and characterized the associations as “weak.”
The report provided little comment on cancers other than lung cancer.

Since the publication of BEIR IV, additional data on risks of cancers other
than lung cancer have become available from an analysis of pooled data in
underground miners (Darby and others 1995).  Reports based on ecologic analy-
ses have suggested that indoor radon is associated with diverse malignancies,
including leukemias and some solid cancers (Henshaw and others 1990).  Only
limited information has been reported on nonmalignant respiratory disease and

4

Health Effects of Radon Progeny
on Non-Lung-Cancer Outcomes
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reproductive outcomes.  This chapter updates the BEIR IV report’s coverage of
outcomes other than lung cancer.

DOSES TO ORGANS OTHER THAN LUNG

Interpretation of the epidemiologic findings on effects of radon other than in
the lungs needs to be based on an understanding of the dosimetry of radon and its
progeny.  Dosimetric models used for this purpose have extended beyond deposi-
tion of progeny in the lung to distribution to and absorption in other organs.
Although there has been little work on this aspect of radon dosimetry, the models
suggest potentially important doses to skin and lymphocytes.

Table 4-1 shows estimated annual absorbed doses to various adult tissues from
Rn-222 and its short-lived daughters, for a domestic concentration of 20 Bqm–3

(0.54 pCiL–1).  The estimated dose for the basal cells in exposed skin depends
heavily on assumed deposition velocity. The upper estimates are comparable with
lung doses and might be responsible for a substantial number of skin cancers, most
of which would be nonfatal.  With assumptions of 125 µGy y–1 to exposed skin of
the face and neck, 7.5 µGy y–1 to skin of all other regions, an RBE of 5 for alpha-

TABLE 4-1 Estimated annual absorbed doses to adult tissues from Rn-222
and its short-lived progeny for domestic radon concentration of 20 Bqm–3

(0.54 pCiL–1)

Annual dose
Tissue (µGy y–1) Reference

Lung 500 ICRP65 1993; Simmonds and others 1995
Bronchial basal cell nuclei 740 James, personal communication
Bronchial secretory cell nuclei 1,680 James, personal communication

Skin (basal cells at 50 µm 50-1,000 Harley and Robbins 1992
in exposed skin) 85-850 Eatough and Henshaw 1992
Red marrow 0.5-1.3 Harley and Robbins 1992

4-6 Richardson and others 1991
4.5 Simmonds and others 1995
2.2-2.6 James 1992

Bone surface 0.4-1 Harley and Robbins 1992
1.2 ICRP65 1993; Simmonds and others 1995
4.4 James 1992

Breast ~ 1.5 Harley and Robbins 1992
1.2 ICRP65 1993; Simmonds and others 1995

T-lymphocytes:
circulating 1 Harley and Robbins 1992
in bronchial epithelium 1,000 Harley and Robbins 1992

Blood 1.1 Harley and Robbins 1992
Liver 2.5 James 1992
Kidney 14.4 James 1992
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particles, and ICRP59 risk factors for low-LET radiation, Eatough and Henshaw
(1995) have estimated that about 1-10% of nonmelanoma skin cancers in the UK
can be theoretically associated with domestic radon, including possible interaction
with UV radiation.  Calculated doses from thoron, available only for lung and bone
marrow, tend to be lower than those from radon (Table 4-2).

Doses to red marrow from radon are substantially lower but nevertheless
lead, by conventional risk estimation, to expectations of contributions to the
natural incidence of leukemia.  Richardson and others (1991) suggested that
about 6-12% of myeloid leukemia in the U.K. could be from radon.  Similarly,
Simmonds and others (1995) have applied age-dependent radon doses and risks
to a national study population of children in Seascale, U.K.  From their evalua-
tions, it can be deduced that some 34% of the expected natural childhood-
leukemia incidence is attributable to natural radiation, made up of about 20%
from natural low-LET radiation and about 14% from natural high-LET radiation
(Simmonds and others 1995; COMARE 1996).  About 3% of the 14% is due to
radon and thoron.  James (1992) has estimated from ICRP (1991) risk factors that
1.25% of the additional cancers caused by indoor radon and thoron are expected
to be leukemia; the vast majority (98%) of the additional cancers are expected to
be in the lung.  However, no excess leukemia has been observed in the studies of
the mining cohorts.

NONMALIGNANT RESPIRATORY DISEASES

In addition to radon, potential causes of nonmalignant respiratory diseases in
the underground miners include silica (well documented as causing silicosis) γ,
blasting fumes, and, in some mines, diesel exhaust.  Persons with silicosis are at

TABLE 4-2 Estimated doses to adult tissues from thoron and its short-lived
decay products for typical domestic thoron concentration corresponding to
212Pb-progeny concentration of 0.3 Bqm–3 (0.008 pCiL–1)

Annual dose
Tissue (µGy y–1) Reference

Lung 34 Simmonds and others 1995
Red marrow 1.5 Stather and others 1986

0.5 James 1992a

Bone surface 22 Simmonds and others 1995
3.0 James 1992a

Liver 1.7 James 1992a

Kidney 10 James 1992a

aThe doses presented here are one third of those tabulated in James (1992), so as to correspond to a
typical PAEC for indoor thoron progeny of 21 nJm–3 (1 mWL) (Nero and others 1990) and 212Pb
concentration of 0.3 Bqm–3 (0.008 pCiL–1) (James, personal communication).
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increased risk for tuberculosis and the development of silicotuberculosis, a fi-
brotic disorder.  On reviewing the epidemiologic evidence on nonmalignant res-
piratory diseases, the BEIR IV committee (NRC 1988) concluded that the effects
of the various inhaled agents in the mines could not be readily separated, and it
did not attribute nonmalignant respiratory diseases in underground miners to
radon specifically.  The principal evidence considered came from surveys of
Colorado Plateau and New Mexico uranium miners.

A case series recently reported by Archer (1996) provides evidence that
uranium miners may develop a fibrotic lung disease distinct from silicosis.  About
400 uranium miners had been referred to Archer and colleagues for evaluation of
lung disease and of exposure, either for special studies or for the purpose of
seeking compensation, and 22 of these were selected as possible examples of
radiation-related diffuse interstitial fibrosis.  All had evidence of diffuse abnor-
malities in both lower lung fields.  Lung-biopsy specimens from five of the 22
were examined.  The findings were not those of silicosis.  The 5 men had evi-
dence of interstitial fibrosis and honeycombing, a pattern of destruction found in
advanced lung disease.  Birefringent crystals consistent with silica were present
in trace quantities at most.  Archer and others conclude that there is a radiation-
caused diffuse interstitial fibrosis in uranium miners.

The New Mexico Miners’ Outreach Program provides free screening to ac-
tive and retired miners for mining-related disease (Mapel and others 1996).  Cross-
sectional data from 1,359 former uranium miners were analyzed by Mapel and
colleagues, who examined predictors of lung function and of radiographic abnor-
mality with regression methods.  Duration of underground mining was negatively
associated with lung function, but the association was statistically significant
only for the American Indian miners.  Underground uranium-mining experience
was a significant predictor of having pneumoconiosis for Hispanic and American
Indian former uranium miners.  Quantitative estimates of radon-progeny expo-
sure were not available, so the investigators could not assess further the contribu-
tion of radon-progeny exposure to the reduction of lung function associated with
duration of underground mining.

MALIGNANCIES OTHER THAN LUNG CANCER

The dramatic excess of lung cancer in underground miners exposed to radon
progeny has focused emphasis in research, in risk assessment, and in risk man-
agement on this cancer.  At the time of the BEIR IV report, there was limited
information on cancers of sites other than the lung, and it came primarily from the
cohort study of Colorado Plateau miners (Waxweiler and others 1976).  Although
statistical power related to this single cohort was limited, cancers were not in
apparent excess for sites other than the lung (Waxweiler and others 1976).  Nor
had understanding of radon dosimetry led to concern about cancers at other sites.
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Consequently, the findings of general-population-based ecologic studies in-
dicating associations between population estimates of indoor radon exposures
and rates for cancers other than lung cancer were not expected, and they were not
readily explicable on a biologic basis.  A 1989 letter to the editor by Lucie (1989)
described an association between county-level leukemia incidence and average
radon concentration.  A 1990 report by Henshaw and colleagues (1990), indicat-
ing that radon might be associated with myeloid leukemia, cancer of the kidney,
melanoma, and some childhood cancers brought public and scientific concern to
the issue.  Henshaw and collaborators conducted an ecologic analysis of cancer
rates and estimated background radon exposure; positive and statistically signifi-
cant associations were found.  However, after those publications, methodologic
biases affecting interpretation of the results were noted, and correspondence
called for caution in interpreting the results.  Furthermore, the highest radon
levels in that report were quite low (near average indoor concentrations) and the
study is subject to the flaws frequently associated with ecologic studies as de-
scribed in appendix G.  Additional ecologic analyses were reported, and case-
control studies are now in progress.  These findings provide a rationale for further
consideration of malignancies other than lung cancer in the underground miner
data, and Darby and others have evaluated these malignancies through combined
analyses of data from 11 studies of underground miners.

Studies of Underground Miners

Since the BEIR IV report, initial analyses of data on a number of cohorts of
underground miners have been reported, thereby increasing the extent of infor-
mation available on malignancies other than lung cancer.  Reports of several
studies have provided information on all malignancies (Morrison and others 1988;
Darby and others 1995; Tomás̆ek and others 1993; Tirmarche and others 1993).
Tomás̆ek and others (1993) reported on the Czech cohort of 4,320 miners.  At an
average of 25 years of followup, statistically significant excesses of deaths from
cancers of the liver, gallbladder, and extrahepatic bile ducts were noted, but there
were no excess deaths for other individual sites.  There was not a significant
excess of all cancers other than lung cancer (observed:expected ratio, or O/E, =
1.11; 95% confidence interval, CI 0.98-1.24). In the Newfoundland fluorspar
miners, excess occurrence of deaths from cancers of the buccal cavity and phar-
ynx and of the salivary glands was noted, but small numbers of cases limited
dose-response analysis and interpretation of the findings (Morrison and others
1988).  Tirmarche and others (1993) found significant excess occurrence of can-
cer of the larynx (O/E = 2.35; 95% CI, 1.37-3.76).

In the Cornish tin miners, there were nonsignificant excesses of deaths from
cancer of the stomach (O/E, 1.41) and from leukemia (O/E, 1.73). These analyses
of data from cohorts did not indicate any consistent patterns across the cohorts,
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and the possibility of false-positive findings when several associations are inves-
tigated in several cohorts makes the results difficult to interpret.

The most-informative analysis on cancers other than lung cancer was based
on pooling of data from 11 studies of underground miners (Darby and others
1995).  Darby and colleagues assembled data from 11 cohorts—10 of those
included in the lung cancer pooled lung-cancer analysis and a replacement of the
Radium Hill cohort with the Cornish tin miners because of the small number of
deaths and incomplete follow-up in the Radium Hill group.  For each cohort, the
expected number of deaths was calculated on the basis of external comparison
rates; the external comparisons excluded the China cohort because appropriate
national or regional rates were not available.  In addition, internal comparisons
were made by evaluating the association for specific cancers with cumulative
exposure to radon progeny.  Both types of comparisons were carried out sepa-
rately for time since first employment categories of less than 10 years and equal
to or greater than 10 years.  External comparisons were also made for the com-
bined periods.

Overall, there was no excess of deaths from cancers other than lung cancer
(O/E, 1.01; 95% CI, 0.95-1.07). Of the 28 individual cancer categories evaluated,
there were significant excesses for stomach cancer (O/E, 1.33; 95% CI, 1.16-
1.52) and for primary liver cancer (O/E, 1.73; 95% CI, 1.29-2.28) (Table 4-3).
The ratios of observed to expected deaths were greater than unity for all leuke-
mias combined and for each of the principal subtypes, although none of the
excesses was statistically significant.  Leukemia also showed a significant in-
crease when analyses were restricted to less than 10 years since first employment.
There were statistically significant decreases for some sites.

In comparisons by extent of exposure, none of the cancers showing excesses
(stomach, liver, and leukemia) was positively associated with exposure, so in-
creased rates for these cancers were judged unlikely to be related to exposure to
radon and radon progeny.  For the leukemia elevation in the first 10 years since
start of employment, the possibility of exposure to gamma radiation in the mines
was considered.

Both cancer of the pancreas and the category of all cancers other than lung
showed statistically significant positive associations with cumulative exposure,
although the latter association was found only for the first 10 years since start of
employment.  The finding for cancer of the pancreas was interpreted as likely to
be spurious.  The finding for all cancers other than lung was attributed to 2 deaths
in workers with cumulative exposure exceeding 5.25 Jhm–3 (1,500 WLM); these
deaths were in the “other and unspecified cancers” category, and review of avail-
able records resulted in the conclusion that the true underlying cause of death was
very likely lung cancer.  With deaths in the “other and unspecified” category
excluded, the category of all cancers excluding lung cancer was not found to be
significantly associated with cumulative Jhm–3 (WLM).

Overall, the study of Darby and others (1995) found no substantial evidence
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TABLE 4-3 Numbers of deaths observed (O), ratio of observed to expected
deaths (O/E), and 95% confidence interval (Cl) for selected sites of cancer,
analysis of pooled data on miners (all studies except China), by time since first
employment

Cancer site (ICD-9 code) O O/Ea 95% CI

Tongue and mouth (141, 143-145) 11b 0.52 0.26-0.93
Salivary gland (142) 4 1.41 0.39-3.62
Pharynx (146-149) 9c 0.35 1.16-0.66
Esophagus (150) 45 1.05 0.77-1.41
Stomach (151) 217c 1.33 1.16-1.52
Colon (152-153) 95b 0.77 0.63-0.95
Rectum (154) 60 0.86 0.66-1.11
Liver, primary (155.5, 155.1) 50c 1.73 1.29-2.28
Liver, unspecified (155.2) 3 0.43 0.09-1.26
Gallbladder (156) 19 1.23 0.74-1.92
Pancreas (157) 91 1.05 0.85-1.29
Nose (160) 3 0.69 1.14-2.02
Larynx (160) 38 1.21 0.86-1.67
Bone (170) 10 1.04 0.50-1.91
Connective tissue (171) 5 0.82 0.27-1.91
Malignant melanoma (172) 18 0.92 0.54-1.45
Other skin (173) 9 1.60 0.73-3.03
Prostate (185) 83 0.88 0.70-1.09
Testis (186) 6 0.72 0.26-1.57
Bladder (188, 189.3-189.9) 39 0.85 0.61-1.16
Kidney (189.0-189.2) 44 0.91 0.66-1.22
Brain and central nervous system (191, 192) 52 0.95 0.71-1.25
Thyroid gland (193) 2 0.47 0.06-1.71
Non-Hodgkin’s lymphoma (200, 202) 36 0.80 0.56-1.10
Hodgkin’s disease (201) 17 0.93 0.54-1.48
Multiple myeloma (203) 26 1.30 0.85-1.90
Leukemia (204-208) 69 1.16 0.90-1.47

Leukemia excluding chronic lymphatic
(204-208 except 204.1)d 36 1.11 0.78-1.54

Myeloid leukemia (205-206)d

Acute myeloid leukemia
(205.0, 205.2, 206.0, 206.2)d 27 1.41 0.93-2.05

12 1.16 0.60-2.02
Other and unspecified 118 1.12 0.93-1.35
All cancers other than lung (140-161, 163-208) 1,179 1.01 0.95-1.07

aExpected deaths calculated from national or local mortality rates.
b0.05 ≥ P > 0.01
cP ≤ 0.001 (2-sided tests).
dFor each study, only the period for which the 8th or 9th ICD revisions was in use nationally is
included.
Source:  Darby and others (1995).
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of increased risks of cancers other than lung cancer in the 11 miner cohorts.  The
authors concluded that the study provided strong evidence that high levels of
exposure to radon do not cause a “material risk” of mortality from cancers other
than lung cancer and that protection standards for radon should continue to be
based on consideration of lung-cancer risk alone.

Studies of the General Population

The hypothesis that radon might cause cancers other than lung cancer in the
general population originated in ecologic studies reported after the BEIR IV
report.  Those analyses were conducted with units of analysis ranging from
counties to countries (Table 4-4).  Lucie (1989) published one of the initial
reports, showing a positive correlation between acute myelogenous leukemia
incidence for counties in the U.K. and county average radon concentration.  Hen-
shaw and colleagues (1990) followed with their report which provided estimates
of radiation dose to the red marrow that indicated a significant dose to the marrow
at typical indoor radon concentrations.  For example, at an exposure of about 185
Bqm–3 (5 pCiL–1), the estimated dose to marrow from radon was estimated to be
similar to that from low-LET radiation.  Henshaw and colleagues described eco-
logic correlations between estimated mean exposures of residents of 15 countries
and incidence of leukemias, childhood cancers, and selected additional cancers in
these countries.  Further analyses were reported for provinces of Canada.  Hen-
shaw and others did not find correlations for lung cancer or for skin cancer.

Bridges and colleagues (1991) later reported a correlation between frequency
of a mutation of the hypoxanthine guanine phosphoribosyl transferase gene (hprt)
and indoor radon exposure, supporting the plausibility of the ecologic associa-
tions found by Lucie and Henshaw and colleagues.  Bridges and colleagues
selected 20 persons, mostly never-smokers, from homes that had been monitored
for radon; they were selected to provide a range of exposure from below about
111 to 740 Bqm–3 (3 to 20 pCiL–1).  The logarithm of the mutation frequency was
significantly associated with radon concentration in the homes, which was mea-
sured twice—for 1 month and for 3 months.  This result suggested a mutation
frequency that was much greater than would be expected from estimated radon
dose to blood and previous in vitro hprt mutation data in numerous cell types.
However, in a larger followup study by the same group (Cole and others 1996),
no significant association was found.  The later study was of 65 persons from 41
houses in the same small rural town, with measured radon of 19-484 Bqm–3

(0.51-13.08 pCiL–1).  BCL-2 t (14;18) translocations, chromosomal events asso-
ciated with leukemia and lymphoma, also showed no association with radon
exposure.

Bauchinger and others (1994) performed conventional chromosomal analy-
ses in blood lymphocytes of 25 persons living continuously in houses with indoor
radon concentrations exceeding the average in German houses of 50 Bqm–3 (1.35
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pCiL–1) by  a factor of 5-60.  The mean frequencies of dicentrics and rings per cell
(1.5 ± 0.4 × 10–3) were significantly higher than control levels (0.54 ± 0.11 ×
10–3).  Grouping the persons by estimated cumulative exposure showed a ten-
dency for λ an exposure-effect relationship.  Estimated radon exposures ranged
from 700 to 6300 Bqm–3 (18.92 to 170.3 pCiL–1).  Subsequently, painting of 3
chromosomes by fluorescence in situ hybridization (FISH) techniques was car-
ried out on the same lymphocyte samples (Bauchinger and others 1996).  The
mean frequency of symmetrical translocations was slightly (1-5 fold), but not
significantly (p <0.1), raised in the radon group compared to the controls.  Only
for males separately did the raised level reach statistical significance.  For dicen-
tric chromosomes, scoring of FISH-painted chromosomes gave results that were
consistent (3-fold increase) with those previously obtained by the conventional
methods.  The apparent lower sensitivity of the FISH-translocation measure-
ments to discriminate radon exposure was ascribed to the much higher control
frequencies for translocations compared to dicentrics and to the lower doses
received by the hemopoietic compartments such as bone marrow that should
contribute most to stable symmetrical aberrations, as compared to mature blood
lymphocytes that are the direct target cells for observed dicentric aberrations.

The report of Henshaw and colleagues (1990) attracted substantial attention
and criticism, as shown in correspondence to the Lancet (Mole 1990; Bowie
1990; Prentice and Copplestone 1990; Baverstock 1990; Butland and others 1990)
and other journals (Peto 1990; Wolff 1991).  Mole (1990) raised questions con-
cerning the dosimetric model, and Butland and others (1990) noted that even
Henshaw’s high estimate of dose to the red marrow from radon is only about 1%
of that to the lung.  Butland and colleagues repeated the analysis of Henshaw and
colleagues but used the data from cancer registries that they regarded as most
satisfactory.  They found a significant positive correlation for all childhood can-
cers combined.  Results for other sites and for the leukemias were positive but not
statistically significant.  However, the numbers of countries were small and power
was limited.  None of the analyses showed a significant association with lung
cancer.  Other critics raised concerns about confounding and biologic plausibil-
ity.  Wolff and Stern (1991) presented analyses that suggested that the observed
correlations might have resulted from confounding by socioeconomic factors.

Muirhead and others (1992) conducted an ecologic analysis of childhood
leukemia and non-Hodgkin’s lymphoma rates based on small areas (districts) of
the U.K. and found no significant associations with radon exposure, even though
analyses by aggregated areas (counties) showed a significant positive correlation
with radon levels.  The correlation between districts within counties was nega-
tive; that between counties was positive.  The Henshaw and others (1990) analy-
sis of U.K. data was similar to that based on the aggregated areas.

For the United States, Cohen (1993) examined ecologic correlations between
estimated average radon concentrations in 1,600 counties and cancer mortality, in
unspecified years, in males and females.  Positive and statistically significant
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associations were found for a number of sites, including, in men, cancer of the lip,
salivary gland, nasopharynx, nose, nasal cavity, middle ear, breast, eye, thyroid,
thymus and endocrine glands, and multiple myeloma and, in women, cancer of
the salivary gland, nasopharynx, large intestine, liver, gallbladder, bile ducts,
larynx, bone, connective tissue, kidney and uterus, eye, thymus, and endocrine
glands, and lymphosarcoma, reticular sarcoma, Hodgkin’s disease, multiple my-
eloma, and leukemia.  The consequences of adjusting for smoking at the state
level were also examined.

Mifune and colleagues (1992) described cancer mortality for 1952-1988 in
inhabitants of the Misasa spa area in Japan, comparing standardized mortality
ratios based on national data with those in a control area.  In the spa area, there are
90 hot-spring sources, and average radon concentration was reported to be 26
mBqL−1 in outdoor air and 35 mBqL−1 in indoor air.  Routes of exposure included
use of the hot springs for bathing and the medical treatment of patients.  Overall,
there was no excess of all cancers, and the risk of lung-cancer death in the Misasa
area was only 55% of that in the control area.

REPRODUCTIVE OUTCOMES

The committee identified only a single new investigation relevant to concern
about reproductive outcomes.  Shields and others (1992) conducted a case-
control study of congenital abnormalities, stillbirths, developmental disorders,
and deaths from causes other than injuries.  The case series included 266 cases
and an equal number of controls with a normal birth.  Exposure variables in-
cluded the occupations of the parents and grandparents; the nearness of the
subject’s residences to uranium mines, mine dumps, and mill tailings; and living
in a home constructed with uranium-mine rock.  There was no evident effect of
the fathers’ being employed in a uranium mine or mill.  There was increased risk
for adverse pregnancy outcome if the mother lived near tailings or mine dumps.
Interpretation of the findings is limited by lack of statistical power, particularly
within the categories of specific adverse outcomes.

CONCLUSIONS

Although it has been nearly 10 years since the BEIR IV committee reviewed
the evidence on health effects of radon-progeny exposure other than lung cancer,
the database is still limited.  Nevertheless, the committee found several conclu-
sions to be warranted.  In regard to cancers other than lung cancer, the committee
interpreted the pooled analysis reported by Darby and colleagues (1995) as not
indicating excess risk for cancers other than cancer of the lung in radon-exposed
miners.  Although 95% confidence limits are wide for some sites, the data pro-
vide evidence that radon and its progeny are not a major cause of nonlung cancers
and leukemias in the general population, as suggested by some ecologic studies.
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The committee concluded that the findings in the miners could be reasonably
extended to the general population; there is no basis for considering that effects
would be observed in the range of typical exposures of the general population that
would not be observed in the underground miners exposed at generally much
higher levels.  The studies in the general population are ecologic and subject to
many potential biases.  The committee agrees with the conclusion of Darby and
others that there is no need to consider cancers other than lung cancer in setting
protection standards and guidelines for radon.  The dose calculations suggest that
radon and progeny could contribute to some proportion of skin-cancer cases.

Only 2 new studies had been reported on nonmalignant respiratory diseases.
The report from New Mexico again documented that uranium mining adversely
affects lung function (Mapel and others 1996).  Archer and colleagues (1996)
described an intriguing series of cases that support the possibility that exposure to
radon progeny cause fibrosis of the pulmonary interstitium, often referred to as
pulmonary or interstitial fibrosis.  However, this clinical case series is insufficient
to establish the link to radon progeny specifically, and there is a need for more
research on the persistent question of the existence of radon-related pulmonary
fibrosis.

The new case-control study of reproductive outcomes in Shiprock, New
Mexico, was limited by sample size and the possibility of measurement error
because of the reliance on self-reported exposure measures.  The committee was
unable to reach any conclusion with regard to adverse effects of radon exposure
on reproductive outcome.
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INTRODUCTION

Epidemiologic studies of underground miners exposed to radon have con-
vincingly established that radon-decay products are carcinogenic and that expo-
sure to these products at levels previously found in mines increases lung-cancer
risk (NCRP 1984a,b; NRC 1988; Samet 1989; Lubin and others 1994a).  Lubin
and others (1994a) conducted a pooled analysis of data from 11 major studies of
underground miners (identified as the studies from Colorado, Czechoslovakia,
China, Ontario, Newfoundland, Sweden, New Mexico, Beaverlodge, Port Ra-
dium, Radium Hill, and France).  That analysis included over 2,700 lung-cancer
cases among 68,000 miners representing nearly 1.2 million person-years of ob-
servation.  Lubin and others (1994) found that the relationship between the rela-
tive risk (RR) of lung cancer and cumulative exposure to radon progeny was
generally consistent with linearity within each cohort. However, estimates of the
excess relative risk (ERR) due to exposure to radon progeny varied substantially
among the cohorts. For example, the ERR following exposure to 100 working
level months (WLM) varied from 0.16 in China to 5.06 in Radium Hill.  The
precision of these estimates was highly variable from cohort to cohort.

The combined effect of radon exposure and tobacco smoke on lung-cancer
risk has been discussed in the literature (Lundin and others 1971; Whittemore and
McMillan 1983; Moolgavkar and others 1993; Lubin 1994) (See also appendix
C.)  Although the Colorado Plateau uranium miners study has revealed a syner-
gistic effect between exposure to radon and cigarette smoking, this interaction is
not well characterized (NRC 1988; Lubin 1994).  Data from two large studies, the

Appendix A

Risk Modeling and Uncertainty Analysis
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China tin miners study and the Colorado Plateau uranium miners study, indicated
that the lung-cancer risk associated with the combined exposure is greater than
the sum of the risks associated with each factor individually, evidence of a syner-
gistic effect between radon and tobacco smoke in the induction of lung cancer.
Data on tobacco use, available for 6 of 11 cohorts, are summarized in Table A-1.
In the Colorado, Newfoundland and New Mexico studies, detailed data on to-
bacco use including duration, intensity, and cessation are available, whereas
studies in China and Radium Hill identify individuals only as ever-smokers or
never-smokers.

Since publication of the report by Lubin and others (1994a), studies of the
Chinese tin miners, and of the Czech, Colorado, and French uranium miners have
been updated or modified (Lubin and others 1997).  Modifications of these four
data sets are described in Table A-2.  In addition, there has also been a reassess-
ment of exposure for a nested case-control series within the Beaverlodge cohort
of uranium miners, including all lung-cancer cases and matched control subjects
(Howe and Stager 1996).  For the Beaverlodge miners, exposure estimates were
about 60% higher than the original values.  Because of the computational and
conceptual difficulties of merging case-control data with cohort data, only the
data from the Beaverlodge cohort study with the original exposure estimates were
used in the BEIR VI analysis.

In the first part of this appendix, we consider models for describing the
relationship between exposure to radon and lung-cancer risk.  We begin with a
review of risk models developed by other investigators.  In order to lay the
foundation for the committee’s risk model, we then discuss methods for combin-
ing data from different sources, including random-effects and two-stage methods.
Those methods are then used in a combined reanalysis of the updated data from
the 11 miner cohorts considered previously by Lubin and others (1994a).

By using a random-effects model, the overall effect of radon on lung-cancer
risk can be described by fixed regression coefficients, and variation across co-
horts characterized by random regression coefficients (Wang and others 1995).
Two-stage regression analysis represents an alternative to random-effects meth-
ods, which benefits from an element of numerical simplicity.  Although both
methods are considered, the emphasis in the report is on the computationally
simpler two-stage method.

In the second part of the appendix we focus on uncertainties  in predictions of
risk.  There are many sources of uncertainty in health-risk assessments.  Epide-
miologic data on exposed human populations can be subject to considerable
uncertainty.  Retrospective exposure profiles are difficult to construct, particu-
larly with chronic diseases such as cancer for which exposure data many years
prior to disease ascertainment are needed.  For example, radon measurements in
homes taken today may not reflect past exposures because people change resi-
dences, make building renovations, or change their lifestyle such as sleeping with
the bedroom window open or closed, and because of inherent variability in radon
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measurements.  Exposures in prospective studies may also be uncertain.  In
addition to errors in exposure ascertainment, errors in disease diagnosis are also
possible.  In epidemiologic studies using computerized record linkage to link
exposure data from one database with health status in another database, even vital
status can be in error (Bartlett and others 1993).

In addition to identifying sources of uncertainty, the committee attempted a
quantitative analysis of uncertainty in radon risk estimates.  This analysis is
conducted within the general framework developed by Rai and others (1996) for
quantitative uncertainty analysis in health risk assessment.  Since not all sources
of uncertainty and variability could be fully characterized, the committee ac-
knowledges that this analysis is necessarily incomplete.  Nonetheless, the com-
mittee felt that this analysis is informative, and provides a basis for further re-
search in this area.

PREVIOUS RISK MODELS

A number of different exposure-response models may be used to describe the
relationship between lung-cancer risk and exposure to radon (Krewski and others
1992).  Analyses of miner cohorts have been largely based on empirical models
that describe risk as a linear or linear-quadratic function of exposure.  Those
analyses have formed the basis for estimates of risks of exposure to radon pre-
pared by the National Research Council (NRC), the National Commission on
Radiological Protection and Measurements (NCRP), and the International Com-
mission on Radiological Protection (ICRP).  Previous estimates of risk prepared
by those organizations are reviewed here.

Empirical Models

Numerous studies of lung cancer in radon-exposed underground miners have
been published, although until recently the number of distinct populations had
been small and the total follow-up time and numbers of lung-cancer cases limited
(NRC 1988).  Those analyses are described in detail in appendix D.  The rela-
tively small numbers of lung-cancer cases in individual studies have hindered the
evaluation of temporal patterns and other determinants of risk.  Early efforts at
risk modeling were limited by the lack of data and, as a result, investigators relied
on summaries of the miner studies.  A complete review of the earlier risk esti-
mates was provided in the BEIR IV Report (NRC 1988).  In the current report, we
review the most relevant efforts.

National Research Council (1980)

The NRC BEIR III committee based their modeling efforts on results of
miner studies (NRC 1980).  The model assumed a linear relationship between
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exposure and the absolute excess risk of lung cancer.  The absolute or excess risk
(ER) model represents lung-cancer mortality as r(x,z,w) = ro(x) + g(z,w), where
ro(x) is the background lung-cancer rate, and g(z,w) is the effect of exposure.
Here, w denotes cumulative exposure, x is a vector of covariates which affect the
background lung-cancer rate, and z is a vector of covariates that may modify the
exposure-response relationship.  The excess risk varied by categories of attained
age, <35, 35-49, 50-65, >65 yrs, with 0, 10, 20, 30 excess cases per 106 person-
years per unit of exposure in WLM.  In addition, the model specified a minimum
latent period of 15-20 yr for those exposed at ages 15-34 or 10 yr for those
exposed above age 34.  The derivation of this model and the method of combin-
ing the available miner data were not described.  The model did not directly
account for the effects of smoking.

National Council on Radiation Protection
and Measurements (1984)

The National Council on Radiation Protection and Measurements (NCRP)
committee’s Report 77 (NCRP 1984a) and its Report 78 (NCRP 1984b) adopted
the excess-risk model of Harley and Pasternak (1981).  That model was based on
the following assumptions.

• The latent interval is 5 yr for persons first exposed at ages 35 yr and older,
and (40-u) yr for persons exposed under age 35 yr, where u is the age at first
exposure.

• Following a latent interval, disease rate declines exponentially with time
since exposure.

• Lung cancer is rare before age 40 yrs.
• The median age at lung-cancer occurrence for miners is age 60 yr for

never-smokers and
• 50 yr for ever-smokers.
• The minimum time from initial cell transformation to clinical detection is

5 yr.

For an annual exposure at age u, the excess lung-cancer risk at age t > u (and
t > 40 years of age) is taken to be

A(t,u) = Re–m(t–u)S(t) / S(u), (1)

where R is the excess-risk coefficient per WLM, S(u) is the probability of survival
to a specified age, and m is the rate of removal of transformed stem cells due to
repair or cell death.  The NCRP committee fixed m = ln(2)/20 yr–1, corresponding
to a 20-yr half-life for exposure effects.  The exponential term reduces the expo-
sure effect with time after exposure, while the survival probability adjusts for
competing causes of mortality.  Lifetime risk for exposure at age u is obtained by
integrating over age (t) from age 40 yr to some specified life span.  For chronic
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exposures in years u1, . . . ,un, lifetime risks are obtained by summing risks for
each of the annual exposures.

Parameters for the NCRP model were values assumed to be “reasonable”
from published data, but not based on a direct evaluation of the miner data.
Although the choices of R and m are critical in applying the model, the NCRP
provides little guidance on their selection.  The 20-yr half-life was selected as
being “representative for extrapolation.”  S was taken from 1978 World Health
Organization tables for the U.S. population.  NCRP 78 had the first model to
incorporate a reduction of risk with time-since-exposure.

In the NCRP model, the joint effects of radon-progeny exposure and smok-
ing were considered additive.  That is, radon exposure had the same effect on the
excess risk, regardless of smoking status.  The increased absolute excess risk with
radon-progeny exposure was added to the background lung-cancer risk in ever-
smokers or in never-smokers.

International Commission on Radiological Protection (1987)

Report 50 of the International Commission on Radiological Protection pre-
sented a risk model for indoor radon exposure (ICRP 1987).  The ICRP model
was based on a simple constant excess relative risk model of the form

RR(w) = 1 + βw, (2)

where w is total cumulative exposure allowing for a lag interval of 10 years.  No
accommodation for variation in the exposure-response parameter β with other
factors was included.  The value β was taken as 0.7% per WLM, a representative
value for the excess relative risk of the available miner studies after adjustment
for exposure-dose differences between mines and homes.  Based on the study of
atomic-bomb survivors and on dosimetric considerations, the model assumed a
greater effect for radon-progeny exposure at young ages; β was set at 2.1% per
WLM for exposures occurring under the age of 20 years.

In the ICRP model, the joint effects of radon-progeny exposure and smoking
were assumed multiplicative.  Thus, for smoking status-specific risk estimation,
the radon relative-risk model was applied separately to ever-smokers and to
never-smokers.  Similarly, the same model was applied to the background rates
for males and for females.

Thomas and Others (1985)

In recent years, the number of data sets on radon-exposed miners has in-
creased and follow-up has lengthened for the cohorts developed initially.  Thus,
direct synthesis of multiple miner studies has become increasingly important and
informative for defining the form of the risk model and estimating the values of
its parameters.  The first joint analysis of results of epidemiologic studies using
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modern statistical methodology was carried out by Thomas and others (1985).
(See also Thomas and McNeill 1982, an earlier and more detailed report on
which the more recent work was based.)  They carried out a meta-analysis of
5 miner studies.  They fit relative risk and excess (or attributable) risk models,
including various “cell killing” and “non-linear” models to summary data from
cohort studies from Czechoslovakia (now the Czech Republic), Colorado,
Ontario, Newfoundland, and Sweden.  Original data from these cohorts with
more extensive follow-up are included in the analysis conducted by Lubin and
others (1994a) and by this BEIR VI committee.  Thomas and others found no
significant deviation from a linear exposure-response relationship, although in-
ferences on curvilinearity were somewhat dependent on the choice of referent
population.  Fitting a linear excess relative-risk (ERR) model, Thomas and others
(1985) estimated the ERR to increase by 2.28% per WLM, implying a doubling
of risk at 44 WLM.  The ERR per WLM was found to vary with attained age.  The
risk with combined exposure to smoking and to radon progeny, while consistent
with a multiplicative model, was most consistent with a relationship intermediate
between additive and multiplicative.  The analyses were necessarily limited by
the extent of the data and not having access to original data.  However, many of
these results presaged subsequent work.

National Research Council (1988)

A comprehensive assessment of risk from underground exposure to radon
progeny was carried out by the National Research Council’s Biological Effects of
Ionizing Radiation IV committee (BEIR IV).  That committee conducted a pooled
analysis of data from four cohort studies of underground miners including the
studies of Colorado, Ontario, Beaverlodge, and Sweden (NRC 1988).  The
Beaverlodge and Swedish data sets were the same as in the current analysis,
while less extensive data were available from the other 2 studies.  The BEIR IV
committee used regression methods similar to those used in this report.  The
committee found that excess risk did not increase in a simple fashion with expo-
sure, either in direct proportion to background (a constant ERR model) or at a
constant level above background (that is, a constant attributable or excess risk
[ER] model).  Rather, the risk varied with two time-dependent factors: time since
exposure and attained age.  The analysis showed that lung-cancer risk increased
linearly with cumulative exposure to radon progeny, and that the exposure-
response trend declined with attained age and with time since exposure.  The
committee evaluated other potentially important covariates, such as age at first
exposure and exposure duration, but risk patterns were not consistent across
studies.  Although the constant ERR model was not compatible with the data, the
ERR per WLM was estimated to be 1.34% (corresponding to a doubling of risk at
75 WLM) under this model.

Analyses of the combined effects of radon-progeny exposure and smoking in
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the Colorado and New Mexico (a case-control subset of data included in the
current analysis) miners were also presented in the BEIR IV Report.  Results
indicated that while a multiplicative-risk relationship between the two factors
could not be excluded, an intermediate relationship between additive and multi-
plicative was most consistent with the data.

International Commission on Radiological Protection (1993)

In a 1993 report on risks from radon-progeny exposure in homes and at work
(ICRP 1993), ICRP did not provide its own risk model, but used the so-called
“GSF model” developed by Jacobi and others (1992).  That model was related to
a “smoothed” version of the BEIR IV model (NRC 1988).  Compared to the
BEIR IV model, the GSF model provided a monotonic variation of the excess
relative risk with age.  The GSF model had the same general structure as the
BEIR IV model, with the effect of exposure adjusted by time since the exposure
occurred, but with the exposure-response relationship determined by age at expo-
sure, as opposed to attained age.  For attained age a, exposure we, occurring at age
ae, and time since exposure f, the ERR at age a was defined as:

ERR(a) = s(ae)weφ(f). (3)

Exposures within 4 years (f = a – ae ≤ 4) were assumed to have no impact on the
RR of lung cancer.  The function s was not explicitly defined in the ICRP Report,
but was described as a decreasing function of age at exposure, taking values of
0.036 per WLM for age at exposure of 20 years and 0.017 per WLM for age at
exposure of 60 years.  The effect of time since exposure on risk was modeled
through the function φ defined as

φ(f) = 0 f ≤ 4 years,
= 0.25 (f – 4) for 4 < f < 8 years,
= 1 for 8 ≤ f ≤ 12 years, (4)
= [(1/2)(f–12)/10]+1 for f > 12 years.

According to the ICRP report, risk projections based on the GSF model were
similar to those of the BEIR IV model (ICRP 1993).

The ICRP approach was notable in two respects.  First, in contrast to the
earlier ICRP risk model, which was based on a constant relative risk in cumula-
tive exposure (ICRP 1987), no modification to the exposure-response relation-
ship was included for exposures received at ages 20 years and under.  The previ-
ous ICRP model postulated a 3-fold greater exposure-response for young ages.
Second, the ICRP model assumed an equal (absolute) excess risk in males and
females.  Thus, the model assumed that the radon-related excess risk in males
should be directly added to the background lung-cancer rate in females.  This
additive feature of the model results in a markedly greater relative risk in females
than in males.
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National Cancer Institute (1994)

The analysis and risk model published by Lubin and others (1994a, 1995b),
which served as the starting point for the current report, utilized methods similar
to those of the BEIR IV committee (NRC 1988).  This approach assumes that the
time to death from lung cancer is distributed in a fashion so that follow-up time to
a key event was piece-wise exponential, that is, death rates are constant within
fixed time intervals and exposure categories.  Note that death times can be cen-
sored due to loss to follow-up or study termination.  This assumption was consid-
ered appropriate for two reasons: 1) variability in lung-cancer mortality rates
within each time interval and exposure category was small relative to the vari-
ability between intervals; and 2) disease rates within time intervals and exposure
categories were well-characterized by the average rate.  The method allowed for
use of external referent rates (although they were not used in Lubin and others
1994a, 1995b or in the current analysis) and for the modeling of excess disease
rates.  A full discussion of these models, including regression of the standardized
mortality ratio, is given in Breslow and others (1983) and Breslow and Day
(1987).

Relative-risk regression procedures were applied to data summarized in a
multi-way table, consisting of events, person-years, and summary variables for
each cell of the cross-tabulation.  Analyses were conducted using the EPICURE
package of computer programs (Preston and others 1991).  Data were cross-
classified by various factors, depending on the cohort and on the variables being
analyzed.  For a typical cohort, data were cross-classified by attained age (< 40,
40-44, . . . , 65-69, ≥ 75 years), calendar period (< 1950, 1950-54, . . . , 1980-84,
≥ 1985), estimated exposure (0, 1-49, 50-99, 100-199, 200-399, 400-799, ≥ 800
WLM), duration of radon-progeny exposure (<5, 5-9, 10-14,  ≥15 years), age at
first radon progeny exposure (< 10, 10-19, 20-29, ≥ 30 years) and other mining
experience (no, yes).  For each cell of the table, the number of observed lung-
cancer deaths, the number of person-years, and the mean (weighted by person-
years) for the cross-classification variables, such as cumulative exposure, expo-
sure duration, attained age, and age at first exposure, were computed.  For pooling
purposes, data were further cross-classified by cohort.  A 5-year lag period was
assumed.

Whenever possible, similar categories for variables that specified dimen-
sions of the person-year tables were established across the cohorts; however,
because of intrinsic differences among the cohorts, this was not always possible.
For example, some exposures in the Newfoundland cohort were as high as 21
Jhm–3 (6,000 WLM), while all exposures in the Radium Hill cohort were under
0.35 Jhm–3 (100 WLM).

The risk model was developed with the following approach.  Suppose the
lung-cancer mortality rate is given by r(x,z,w), and depends on cumulative expo-
sure, w, a vector of covariates, x, which described the background lung-cancer
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rate, and a vector of covariates, z, which may modify the exposure-response
relationship.  The relative risk, r, was expressed as a product of the background
disease rate among nonexposed, denoted ro(x), and an exposure-response func-
tion, RR(z,w).  The background rate ro depends on x while the exposure-response
function RR depends on z, which may include one or more components of x, as
well as w.  This general relative risk model can be written as

r(x,z,w) = r0(x)RR(z,w). (5)

The background lung-cancer rate was modeled as r0(x) = exp(ax), with x
being the vector of controlling variables and a the corresponding parameter vec-
tor.  Components of x typically included indicator variables for age group, calen-
dar period, and cohort, as well as variables describing other mine exposures.
Main effects and all higher order interactions were included.

Specific models were fit for RR.  A linear RR model in w was fitted, namely,

RR = 1 + βw. (6)

Here, β is a parameter which describes increase in ERR per unit increase in w
(ERR/exposure).  More generally, a model for the assessment of a broad range of
exposure-response relationships was defined as

RR = (1 + βwk)eθw. (7)

Again, β  reflects the overall ERR/exposure, the parameter, θ measures the expo-
nential deviation from linearity (sometimes referred to in the radiation effects
literature as a “cell killing” parameter), and k is a parameter to describe departure
from linearity.  This general model includes the linear ERR model (k = 1, θ = 0),
the linear-exponential model (k = 1) and the “non-linear” model considered by
Thomas and others (1995) (θ ≠ 0).  Tests for improvement in model fit in relation
to θ and k were carried out using likelihood ratio procedures.

An important goal of the analysis was to examine variations of the exposure-
response trend with other variables, that is, to test whether β varied within catego-
ries of other factors, such as attained age, age at first exposure, duration and rate
of exposure, and time since last exposure.  In epidemiologic terms, they evaluated
the components of the covariates vector z as an effect modifier.  Suppose a
particular covariate z had J categories with values z1, . . . , zJ.  Variation in the
exposure-response relationship within levels of z was assessed by fitting model
(6) and comparing its deviance with model (8) below which included J exposure-
response parameters, namely,

RR = 1+ βjw, (8)

where βj was the ERR/exposure within category zj.  Under the null hypothesis of
no effect modification, the difference in the model deviances was approximately
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χ2 with J-1 degrees of freedom.  A significant p-value indicated that the effect of
exposure on lung-cancer mortality was not homogeneous across levels of z.

As in the BEIR IV Report (NRC 1988), cumulative exposure to radon prog-
eny was divided into time-since-exposure windows, although the analysis in the
National Cancer Institute report (Lubin and others 1994a) included additional
categories.  For each year of age, cumulative exposure (minus the 5-year lag
interval) w*, was expressed as a weighted combination of three exposures:

w* = θ5-14w5-14 + θ15-24w15-24 + θ25+w25+, (9)

where w5-14 was the cumulative exposure received 5-14 years prior to the specific
age, w15-24 was the cumulative exposure received 15-24 years prior, and w25+ was
exposure 25 or more years ago.  Model (6) was extended as

RR = 1 + βw* (10)

For identifiability, θ5-14 = 1, and the quantity w* is interpretable as the “effective
exposure” to radon progeny, with θ15-24  and θ25+ defining the relative contribu-
tions to the total exposure from the corresponding time periods.

Biologic-Based Models

Moolgavkar and others (1993) have applied a biologic-based exposure-
response model to the Colorado uranium miners’ data.  Specifically, the 2-stage
clonal expansion model discussed by Moolgavkar and Luebeck (1990) was used
in a first attempt to describe cancer mortality rates among the Colorado miners in
terms of a mechanistic stochastic model of carcinogenesis.

Biologic-based models of carcinogenesis are useful for several reasons
(Goddard and Krewski 1995).  First, they provide a convenient framework within
which to describe the process of carcinogenesis.  Carcinogenesis is formulated as
a multistage process in which the kinetics of cell division and cell death play
important roles.  The currently available biologic-based models incorporate these
features of carcinogenesis.  Second, the parameters of a biologic-based model
have biologic meaning.  With the two-stage clonal expansion model, separate
parameters are used to describe the first and second stage mutation rates as well
as the birth and death rates of initiated cells.  Third, a validated biologic-based
model is likely to enjoy greater acceptance when used for the quantitative estima-
tion and prediction of cancer risks.  And fourth, description of the temporal
aspects of cancer risk is facilitated by the use of biologic-based models of car-
cinogenesis.  In fact, these models provide a flexible family of hazard functions
for analyses of time-to-tumor data that allow for incorporation of age and time
dependent covariates in a natural way without increasing the number of param-
eters to be estimated.  Empirical models offer less flexibility in this regard, using
crude temporal indictors of risk such as age at first exposure, duration of expo-
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sure, and cumulative lifetime exposure.  Biologic-based models integrate impor-
tant biologic aspects of carcinogenesis with rigorous statistical methods for data
analyses (Moolgavkar and Luebeck 1990).

Although multi-stage biologic models are available, the 2-stage model repre-
sents a useful starting point.  The 2-stage clonal expansion model is based on the
following assumptions.  First, there is a pool of stem cells within the tissue of
interest susceptible to malignant transformation.  Second, malignant tumors are
clonal in origin, arising from a single transformed progenitor cell.  Third, malignant
transformation is the result of 2 specific rate-limiting mutations.  Once a malignant
cell is generated, it will give rise to a histologically detectable cancerous lesion
following a certain lag time.  This model has been found to satisfactorily describe a
variety of toxicologic and epidemiologic data (Krewski and others 1992).

In chemical carcinogenesis, the occurrence of the first mutation is identified
with initiation, whereas the second mutation is associated with malignant conver-
sion of an initiated cell or completion.  Carcinogenic chemicals and radionuclides
may act by increasing the first or second stage mutation rates, or the rate of
expansion of the initiated cell population.  Clonal expansion of the initiated cell
population is referred to as promotion.

Application to Colorado Uranium Miners’ Data

Moolgavkar and others (1993) have re-analyzed data on lung-cancer mortal-
ity from the Colorado Plateau miners’ cohort and British doctors’ cohort within
the framework of the two-stage clonal expansion model.  The Colorado uranium
miners’ data used in this analysis were described by Hornung and Meinhard
(1987), and included the information on the age at which exposure to radon
progeny and cigarette smoke began, the ages at which these exposures stopped,
the cumulative exposure to radon progeny, the number of cigarettes smoked per
day, the age at last observation or death, and information on whether or not the
individual had died of lung cancer by that time.  A lag period of 3.5 years between
malignant transformation of lung tissue and death from lung cancer was assumed.
Consequently, exposures occurring within 3.5 years of disease diagnosis were
not included in the analysis.

Lung-cancer mortality among a large cohort of British doctors was used to
obtain information on the baseline lung-cancer risks in men not exposed occupa-
tionally to radon or to tobacco.  (Since there were only eight miners who were not
exposed to radon and who did not smoke, the background parameters cannot be
precisely estimated from the Colorado data alone.)  This cohort is of particular
significance because data on tobacco consumption were obtained prospectively
over the course of follow-up.  Following Doll and Peto (1978), analysis was
restricted to lung-cancer mortality among men aged 40-79 years who either were
never-smokers or regularly smoked no more than 40 cigarettes per day.  Former
smokers were not considered.
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In fitting the two-stage model to the data, it was assumed that X(t) is the
number of susceptible cells at age t and that µ(dr,ds) is the rate of the first
mutation as a function of the exposure rate of radon progeny, dr, measured in
WLM/month (WLM/m), and the exposure rate of cigarette smoke, ds, measured
in cigarettes per day.  Specifically, intermediate or initiated cells are generated
from normal ones as a nonhomogeneous Poisson process with intensity µX.  The
intermediate cells divide with rate α, die or differentiate with rate β, and divide
into one intermediate and one malignant cell with rate ν.  All of these transition
rates may be influenced by exposure to radon or cigarette smoke.  The manner in
which rates of mutation and cell proliferation depend on exposure to these two
agents is discussed below.

The Colorado miners’ data and the British doctors’ data were first analyzed
separately.  An analysis in which certain model parameters were assumed to be
the same in both data sets was then conducted.  It was found that assuming equal
effects of tobacco on the mutation rates in the two data sets produced a likelihood
that was virtually identical to the likelihood resulting from the separate analyses.
Thus the data were consistent with the hypothesis that the spontaneous- and
tobacco-related mutation rates are identical in the two cohorts.

The following exposure-response functions were used for each of the
parameters:

µ(dr,ds) = a0 + asds + ardr, (11)

v(dr,ds) = b0 + bsds + brdr (12)

where ν is the second-mutation rate and

(α – β)(dr,ds) = c0 + cs1(1– exp(–cs2ds) + cr1(1– exp(–cr2dr) (13)

in the Colorado miners’ data, and

(α – β)(dr,ds) = e0 + es1(1– exp(–es2ds) + er1(1– exp(–er2dr) (14)

in the British doctors’ data.
In both data sets β/α = constant, independent of the level of exposure to

radon or tobacco.  In this model, referred to as model A, 15 parameters were
estimated from the data.  Estimates of the spontaneous mutation rates a0 and b0
were almost equal, and the second mutation rate ν appears to be unaffected by
either radon progeny or cigarette smoke.  Since the likelihood is little changed by
setting a0 = b0 and bs = br = 0, a reduced form of model A with only 12
parameters was therefore considered.

A second model B in which all model parameters common to the Colorado
miners and British doctors’ cohorts were assumed to be equal was also fit.  This
model eliminates the three parameters in Model A having to do with cell prolif-
eration in the British doctors’ data by taking c0 = e0, cs1 = es1, and cs2 = es2,
leaving only 9 parameters to be estimated.  Comparisons of the numbers of
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observed and expected lung-cancer deaths within specified exposure categories
suggested that both models fit the data reasonably well.

The qualitative conclusions based on the separate and joint analyses (models
A and B) were similar.  Both radon progeny and cigarette-smoking appear to
affect the first mutation rate and the kinetics of intermediate cell division.  The
second mutation rate was found to be independent of radon progeny and cigarette-
smoke exposures.  With both models, the age-specific relative risks associated
with joint exposure were supra-additive but sub-multiplicative, confirming previ-
ous findings by Whittemore and McMillan (1983) based on an empirical analysis
of the Colorado miners’ data.  However, since addition of interaction terms to the
exposure-response functions for any of the model parameters was not significant,
there was no suggestion of any interaction between radon progeny and cigarette
smoke at the cellular level. The analysis also confirmed the inverse exposure-rate
effect in the Colorado miners’ cohort.

The National Research Council (1988) examined risk assessment methods
for the analysis of complex mixtures, including simple binary mixtures of the
type of interest here.  The NRC concluded that interactive effects between two
carcinogens are likely to be negligible when the level of exposure to both agents
is low.  Further theoretical support for this finding was provided by Kodell and
others (1991) within the context of the two-stage clonal expansion model of
carcinogenesis.  Application of the two-stage model to the Colorado uranium
miners data provided empirical confirmation of these latter theoretical results.

The two-stage model has also been applied to data on the incidence of lung
tumors in experiments conducted at Battelle Pacific Northwest Laboratories
(Moolgavkar and Luebeck 1993; Luebeck and others 1996).  Those experiments
involved 3,750 rats subjected to cumulative radon-progeny exposures ranging
from 0.07 to 35 Jhm–3 (20 to 10,000 WLM) at different exposure rates.  The
analysis of the data evaluated the dependence of the mutation and cell prolifera-
tion rates on the radon-progeny exposure rate, as well as exposure to uranium ore
dust, which was a component (at a constant concentration) in all exposures.  The
two-stage model was found to provide an adequate fit to these data.

The analyses yielded results that were similar to those obtained from the
application of the two-stage model to the Colorado miners’ data discussed previ-
ously.  Specifically, exposure to radon progeny was found to affect the first-stage
mutation rate, but not the second-stage mutation rate.  The estimated rate of the
first mutation was consistent with rates measured experimentally in vitro.  The
authors found evidence of an inverse exposure-rate effect, which they attributed
primarily to promotion of intermediate lesions.

METHODS FOR COMBINING DATA FROM SEVERAL COHORTS

In this section, we describe the models and methods used in the committee’s
combined re-analysis of the 11 miner cohorts.  In developing the BEIR VI model,
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modified Poisson regression methods were used to analyze data from the 11
miner studies.  Following Lubin and others (1994a), the death rates are assumed
to be constant within fixed time intervals and exposure categories.  Data entering
into regression analyses are in the form of a multi-way person-years table consist-
ing of lung-cancer deaths, person-years, covariates of interest, and potential con-
founders.  Under the Poisson regression model, the observed number of cases is
assumed to follow a Poisson distribution for which the variance is equal to the
mean (Breslow and Day 1987).  Specifically, the expected number of deaths is
Njkrjk(x,z,w).  Here, Njk denotes the number of person-years at risk in the jth
category (j = 1, . . . , Jk) in the kth cohort (k = 1, . . . ,K) and rjk (x,z,w) denotes the
corresponding mortality rate depending on the cumulative exposure w to radon
progeny, a vector of covariates z, which can modify exposure-response relation-
ship, and a vector of potential confounders x.

Although Poisson regression is widely used in the analysis of cohort mortal-
ity data, the existence of extra-Poisson variation cannot be ruled out.  Although
not affecting point estimates of the model parameters, such overdispersion,
should it exist, can lead to overstatement of precision.

Under a general relative-risk model, the mortality rate can be expressed as
the product

rjk(x,z,w) = r0jk(x)RRjk(z,w), (15)

where r0jk(x) and RRjk(z,w) denote the background mortality rate and relative risk
for the jth state in the kth cohort, respectively.  Covariates considered include
attained age (years), rate of radon progeny exposure (WL), and duration of
radon-progeny exposure (years).  Age and other mining experience involving
exposure to arsenic and gold are considered to be potential confounders.  Six
of the eleven cohorts include information on tobacco-smoking by the study
subjects.

Relative Risk Model

The relative risk (RR) of lung cancer associated with tobacco-smoking and
exposure to radon progeny can be described quite generally in terms of a mixture
of multiplicative and additive relationships (Breslow and Clayton 1993).  Follow-
ing Lubin and others (1994a), we consider a multiplicative model to describe the
joint effects of radon and tobacco.  The relative risk of lung cancer associated
with radon-progeny exposure in the jth category of the kth cohort is modeled as

RRjk = 1 + βk wjk φaγz (16)

where βk is the excess relative risk of lung cancer associated with exposure to
radon progeny for the kth cohort, wjk denotes the cumulative radon exposure
within the jth stratum of the kth cohort, φa denotes the modifying effect of at-
tained age, and γz denotes the effect of either exposure duration or exposure
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concentration.  The joint effects of radon and cigarette-smoking on lung-cancer
risk are as described:

RRjk (αk) = (1 + βk wjk φaγz) θk (17)

where θk = 1 for never-smokers and θk > 1 for ever-smokers.  Although we do not
fit this multiplicative model directly to the miner data (due to limited information
on tobacco consumption patterns among the miners), it forms the basis for an
indirect adjustment for tobacco due to Lubin and Steindorf (1995) described
later.

Random-Effects Model

Heterogeneity across cohorts can be described by a random-effects model
(Rutter and Elashoff 1994), in which the overall effects and variation among
individual cohorts are characterized by fixed and random regression coefficients
respectively.  Specifically, to describe heterogeneity across cohorts, the param-
eter βk is decomposed into two parts:

βk = β + bβ,k, (18)

where β is the fixed effect for all cohorts and  bβ,k is the random effect specific to
the kth cohort.  More generally, the parameters αk = (βk, φc,k, γz,k) in model (16)
can be written as

αk = α + ak, (19)

where α = (β,φaγz) denotes the vector of fixed effects, and a vector of random-
effects ak = (aβ,k,aθ,k,αγ,k), specifies the deviation from the overall effect associ-
ated with the kth cohort.  This generalization allows for inter-cohort variability in
the parameters φa and γz, although this was not necessary for the miner data used
in the present analysis.

Different statistical methods can be used to fit nonlinear random-effects
regression models.  Because exact methods for model fitting can be compu-
tationally intensive, Burnett and others (1995) proposed the use of a locally
linear first order approximation to simplify the calculation.  Wang and others
(1995) provide a detailed discussion of how this approximation random effects
model may be fit to data from the 11 miner cohorts using generalized estimat-
ing equations (GEEs).  GEEs are robust in the sense that only the first two
moments of the distribution of random effects need be specified (Zeger and
others 1988) rather than the complete distribution needed to apply likelihood-
based methods.

Even with these simplifications, fitting nonlinear random-effects models
proved to be computationally difficult with the large number of categories in the
multi-way person-years table.  Consequently, two-stage regression methods were
also used to fit the nonlinear models of interest here.
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Two-Stage Regression Analysis

The two-stage regression method represents a simplification of and an ap-
proximation to the random-effects models.  With the two-stage method, the model
of interest is first fit separately within each cohort.  An overall estimate of β is
then obtained as a simple linear combination of the cohort-specific estimates.

Details of the two-stage regression method have been given by Laird and
Mosteller (1990) and Whitehead and Whitehead (1991).  Without loss of general-
ity, we will use the linear model

RRk(z,w,αk) = 1 + βkw (20)

to illustrate how the two-stage analysis is conducted.

Stage 1.  In the first stage, model (20) is fitted to each cohort. Let β^k be the
estimate of model parameter βk and sk be the estimated variance of β^k.

Stage 2.  Define

β β= ∑
∑
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The pooled estimate β^ of the overall effect is then given by

ˆ ˆ .β ω β= ∑ k k
k

(24)

The variance in the estimate of the overall effect is estimated by

Var sk k
k

( ˆ ) (ˆ ) .β τ= +



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−
−

∑ 1

1

(25)

Heterogeneity among cohorts is reflected in positive values of τ, which increase
the estimated variance of the overall effect β^.

A statistical test for homogeneity of the β^k among cohorts is given by

χhomog k k
k

s2 1 2= −−∑ ( ˆ )β β (26)

which has a chi-square distribution with K – 1 degree of freedom.
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Provided τ̂ > 0, the shrinkage estimator of the cohort-specific effect β∗
k is

ˆ
ˆ ˆ ˆ

ˆ
,*β β τβ

τk
k k
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s

s
= +

+
(27)

with the deviation from the overall estimate given by

ˆ ˆ ˆ *δ β βk k= − (28)

An estimate of the variance of this deviation is given by
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( ˆ )
ˆ

ˆ
.δ τ

τ
=

+
(29)

Heterogeneity between different studies is taken into account in estimating
overall risks with both the random-effects and two-stage analyses.  This is par-
ticularly important when there are significant differences among the cohorts, that
is, when the fixed-effects model fits the data poorly (Greenland 1994).  Fitting
nonlinear regression models is considerably easier with the two-stage method
than with the random-effects method, particularly with large datasets and many
parameters.  The two stage regression method is applied by using well-estab-
lished computer software to analyze each cohort separately; combining informa-
tion across cohorts is then done by means of a simple linear combination of the
parameter of interest.  With random-effects methods, on the other hand, the data
from all cohorts are analyzed simultaneously.  Because of the computational
complexity in fitting the random effects model, a first-order approximation sim-
plifies the calculations.  Even with this approximation, however, convergence
was difficult to obtain in some situations.  Consequently, the committee focused
primarily on two-stage regression methods for model fitting.

Combined Analysis of Miner Cohorts

The updated data on the 11 miner cohorts were summarized in the form of a
multi-way table prior to analysis.  The categorizations were essentially the same
as those used by Lubin and others (1994a).  All models considered by the com-
mittee were fitted by Poisson regression using EPICURE (Preston and others
1991).  The most recent release of EPICURE allows for extra-Poisson variation,
but was not available to the committee during the course of its analysis.  Cohort
effects were included in the single model by stratifying the background disease
risk by cohort, as well as age group, and other occupational exposures and
ethnicity.  Cohort-specific estimates of the ERR/WLM (βi) were obtained from
the single model fit to all the data.  Since preliminary analyses indicated that the
effect of time since exposure, attained age and exposure duration or radon con-
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centration were similar in most cohorts, these parameters were considered to be
the same in all cohorts.  However, the parameter β did vary considerably across
the cohorts.  Consequently, the overall estimate of β was obtained using the two-
stage method with associated standard errors reflecting variation within and be-
tween cohorts.  We also used the random-effects method to obtain the overall
estimate of β.  With the random-effects method, we used the background param-
eters obtained previously from the EPICURE (Preston and others 1991) fit of the
corresponding model to all the data.  The methods used to fit the random-effects
model are identical to those of Wang and others (1996), with the exception that
the parameter β was obtained from the transformation β = exp {β*} after first
estimating β*.  This same transformation was used with the two-stage method in
order that the sampling distribution of the estimator β^ be closer to normal.  The
standard error of β^ shown here for the two-stage method assumes that the β^k are
independent; taking the covariance forms into account leads to a slight reduction
in the standard error of β^.  These covariance forms are included in the more
comprehensive uncertainty analysis discussed later in this appendix.

The results of fitting the simple linear model

RR w= +1 β (30)

to the miner data are shown in Table A-3.  In addition to results for both the
random-effects and two-stage methods, the results obtained by analyzing each
cohort separately are also shown.  The ERR per unit exposure is given by the

TABLE A-3 Estimated ERR/WLM(%)a based on two-stage and cohort-
specific analyses

Cohort Two-stage analysis Cohort-specific analysis

Combined 0.76 (1.86)b

0.59c (1.32)b

China 0.17 0.17
Czechoslovakia 0.67 0.67
Colorado 0.44 0.42
Ontario 0.82 0.89
Newfoundland 0.82 0.82
Sweden 1.04 1.25
New Mexico 1.58 2.84
Beaverlodge 2.33 2.95
Port Radium 0.24 0.19
Radium Hill 2.75 4.76
France 0.51 0.09

aERR/WLM is the parameter β in the model RR = 1 + βw, where w denotes cumulative radon
progeny exposure.
bMultiplicative standard error; exp var(log )β
cBased on random-effects model.
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parameter β.  All methods provide estimates of this parameter separately for each
cohort; the random-effects and two-stage methods also provide overall estimates
of β.  Note that the estimates of β for individual cohorts based on the two stage-
method differ from the cohort-specific estimates.  In general, the adjusted esti-
mates of β obtained using the two-stage method tend to “shrink” towards the
overall estimate of β.  The overall estimate of the ERR/WLM based on the
random-effects analysis is 0.59% with a multiplicative standard error of 1.32.
The two-stage analysis leads to an estimate of 0.76% with a multiplicative stan-
dard error of 1.86.  (The difference in standard errors for the two-stage and
random-effects methods is due to the different approaches used to estimate the
standard error, and the small number of cohorts involved in the analysis.)  The
cohort-specific estimates of the excess relative risk per unit exposure are shown
graphically in Figure A-1.

To evaluate overall patterns of risk, the committee investigated a number of
other models of the form (16) with covariates including attained age, rate of
exposure to radon progeny, time since exposure, and duration of exposure.  This
limited model selection process led the committee to the same two risk models
favored by Lubin and others (1994a).  These two models represent the
committee’s preferred risk models, and will be referred to as the exposure-age-
duration model and exposure-age-concentration model, respectively.

Estimates of the parameters in the committee’s two preferred models are
shown in Table A-4.  These estimates were obtained by fitting each of these
two models to the data for all eleven cohorts simultaneously, constraining
the covariates to be the same in all cohorts, but allowing β to vary among
cohorts.  Again, an overall estimate of β was obtained using the two-stage
method.  An overall estimate of β was also obtained using the random-
effects method.  However, since convergence could not be obtained when
attempting to estimate the covariate values using the random-effects method,
the covariate values were fixed at their previously estimated values, leaving
only the ERR per unit exposure to be determined in this simplified random-
effects analysis.

The pattern of modifying effects of the covariates on the exposure-response
relationship was similar to that observed in the original analysis of the 11 miner
cohorts by Lubin and others 1994.  Specifically, the exposure-response relation-
ship decreased with time since exposure, attained age, and exposure rate, but
increased with exposure duration.

In order to determine whether the overall estimate of the ERR per unit
exposure was unduly affected by the data from any one cohort, the committee
conducted an influence analysis in which the parameter β was estimated after
omitting, in turn, data from each individual cohort (Table A-5, Figure A-2).  This
influence analysis showed that the omission of any one cohort did not have a
strong impact on the overall estimate of β.  Some caution is required in the
interpretation of these results, since differences in age, exposure rate, exposure
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FIGURE A-1 Estimate of the ERR per unit exposure ERR/WLM (%) obtained
by fitting a constant excess relative risk model to each cohort separately (overall
estimate based on the 2-stage method) and 95% confidence intervals.

duration, time since exposure, and smoking habits among cohorts could explain
some of the inter-cohort variation in the β’s observed in this analysis.

Smoking and Radon Progeny Exposure

Data on tobacco-smoking in the various cohorts were limited: either lacking
entirely; not readily comparable among cohorts because of the method or the
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amount of information collected; or incomplete for workers within particular
cohorts.  Six of the eleven cohorts included some data on smoking (China, Colo-
rado, Newfoundland, Sweden, New Mexico and Radium Hill) although among
these six cohorts, a substantial number of workers lacked smoking information.
Moreover, surveys of smoking practices were not usually undertaken on a regular
prospective basis, necessitating assumptions about the stability of smoking prac-
tices over time.  The impact of incomplete information on tobacco is not clear,
including the misclassification of ex-smokers as current smokers.

Smoking rates in Western countries have generally declined, although it is
uncertain if smoking rates among miners have declined and, if so, to what extent.
Among Chinese workers, smoking rates have been relatively stable, although
tobacco use practices (cigarettes and bamboo water pipes) have changed, espe-
cially among younger workers. Company policies regarding smoking, such as
prohibiting smoking while underground, are also evolving. In recent years, smok-
ing, in some cohorts, may have been under-reported by workers concerned about
health compensation issues.

TABLE A-4 Estimates of the parameters in the committee’s two preferred
risk models

Exposure-age-duration modela Exposure-age-concentration modela

β × 100 0.55b (2.03)d β × 100 7.68b (1.94)d

0.45c (1.31)d 7.44c (2.63)d

Time since exposure windows
θ5-14 1.00 θ5-14 1.00
θ15-24 0.72 θ15-24 0.78
θ25+ 0.44 θ25+ 0.51
Attained age
φ<55 1.00 φ<55 1.00
φ55-64 0.52 φ55-64 0.57
φ65-74 0.28 φ64-74 0.29
φ75+ 0.13 φ75+ 0.09
Duration of exposure Exposure rate (WL)
γ<5 1.00 γ<0.5 1.00
γ5-14 2.78 γ0.5-1.0 0.49
γ15-24 4.42 γ1.0-3.0 0.37
γ25-34 6.62 γ3.0-5.0 0.32
γ35+ 10.20 γ5.0-15.0 0.17

γ15+ 0.11

aParameters estimated based on the fitted model:  RR = 1 + β w*φa γz where  w* = w5-14 +
θ2 w15-24 + θ3 w25+.  Here, φa denotes attained age a in years γz denotes either exposure duration in
years or radon progeny concentration categories in WL.
bTwo-stage method.
cRandom-effects method.
dMultiplicative standard error: exp  var(log )β
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Adjustments for Smoking Status

The data on smoking are generally too sparse to model the joint effects of
smoking and radon exposure.  However, using the results of analyses of the effect
of radon-progeny exposure among never-smokers and among ever-smokers, it is
possible to adjust the committee’s preferred models to account for smoking sta-
tus.  In this regard, the committee adopted the approach introduced by Lubin and
Steindorf (1995), based on the relative difference in the exposure-response rela-
tionship for ever-smokers and never-smokers.  Restricting data to miners for
whom some smoking information was available (China, Colorado, Newfound-
land, New Mexico, and Radium Hill), the overall ERR/WLM was estimated to be
1.02% (95% CI: 0.15-7.18%) among never-smokers and 0.48% (95% CI: 0.18-
1.27%) among ever-smokers.  Among these same miners, the overall ERR/WLM,
ignoring smoking status, was 0.53% (95% CI: 0.20-1.38%).  The effects of se-
quentially omitting a single cohort from this analysis are shown in Table A-6 and
Figure A-3.

Estimates of the ERR/WLM for ever-smokers and never-smokers are com-
parable only to the extent that the mean age, time since exposure, and exposure
rate (factors known to modify the ERR/WLM) are similar for ever-smokers and
never-smokers.  Analysis revealed that these modifiers differed only slightly
between the two groups: never-smokers were one year older, six months further
from time of last exposure, and exposed at a rate 0.9 WL less than ever-smokers.
We therefore assumed that the observed ERR/WLM estimates approximate the
relative effects of radon-progeny exposure in ever-smokers and never-smokers.

TABLE A-5 Estimates of β (ERR/WLM) based on the data from all cohorts
except one

Exposure-age-duration Exposure-age-concentration
model model

Omitted Cohort βa 95%C.I. βa 95%C.I.

None 0.553 0.271 1.125 7.681 3.969 14.864
China 0.714 0.398 1.280 9.884 6.322 15.455
Czechoslovakia 0.565 0.249 1.278 7.374 3.553 15.304
Colorado 0.586 0.263 1.305 7.359 3.553 15.243
Ontario 0.551 0.246 1.235 8.248 3.883 17.519
Newfoundland 0.560 0.251 1.252 7.240 3.520 14.890
Malmberget 0.555 0.259 1.188 7.773 3.821 15.810
New Mexico 0.535 0.248 1.153 7.280 3.663 14.468
Beaverlodge 0.456 0.234 0.888 6.785 3.451 13.339
Port Radium 0.566 0.257 1.246 8.057 3.878 16.741
Radium Hill 0.440 0.228 0.850 6.855 3.462 13.571
France 0.598 0.289 1.237 8.169 4.207 15.862

aCombined estimate based on two-stage procedure.
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Based on this analysis, the effect of exposure among ever-smokers, relative
to the overall effect, ignoring smoking status, was 0.9 (0.48/0.53), whereas among
never-smokers the relative effect, was approximately 2-fold (1.02/0.53).  The
influence analysis summarized in Table A-6 indicates that no one cohort has an
inordinate effect on these two ratios.  These crude correction factors were applied
to the committee’s preferred models to obtain estimates of risk for ever-smokers
and never-smokers separately.  Specifically, we adjusted the estimate of the base-
line ERR/WLM β in the exposure-age-duration and exposure-age-concentration
models, while leaving the parameter estimates for the modifying factors un-
changed.  In the exposure-age-concentration model, the estimate of 0.0768 was
reduced to 0.069 for ever-smokers and increased to 0.153 for never-smokers,
while in the exposure-age-duration model the estimate of 0.0055 was reduced to
0.0050 for ever-smokers and increased to 0.011 for never-smokers.  The present
adjustment differs somewhat from that obtained by Lubin and Steindorf (1995)
due to use of updated information, particularly for the China and Colorado
cohorts.

The estimates of β based on the data for all 11 cohorts (Table A-3) differed
slightly from the estimates based on the six cohorts with data on tobacco con-
sumption (Table A-7).  However, within the six cohorts for which smoking
information is available, the ERR/WLM was nearly twice as large in never-
smokers as compared with ever-smokers.  This analysis indicates that the effects
of ever-smoking and radon progeny exposure are not incorporated multiplica-
tively, but as a sub-multiplicative mixture.

QUALITATIVE UNCERTAINTY ANALYSIS

In the remainder of this appendix, we focus on sources of uncertainty and
variability in radon risk estimates.  Clearly, lack of accurate information on a
number of variables that affect radon risk, including critical variables such as
radon exposure and tobacco consumption, confers uncertainty on committee pro-
jections of risk.  Individual risks probably also vary within the population, de-

TABLE A-6 Influence analysis of smoking correction factorsa

Omitted cohortb β ever-smokers/β overall β never-smokers/β overall

None 0.916 1.937
China 0.921 1.121
Colorado 0.929 1.220
Newfoundland 0.864 2.448
Malmberget 0.952 2.584
New Mexico 0.897 2.651

aBased on cohorts for which smoking data were available (see Table A-1).
bThe data for Radium Hill were too sparse to obtain a meaningful estimate.
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pending on radon-exposure patterns, tobacco consumption, and other (possibly
unknown) factors.

It is important to distinguish clearly between uncertainty and variability.
Uncertainty represents the degree of ignorance about the precise value of a par-
ticular parameter, such as the body weight of a given individual (Morgan and
others 1990; NRC 1994b; Hattis and Burmaster 1994).  On the other hand,
variability represents inherent variation in the value of a particular parameter
within the population of interest. In addition to being uncertain, body weight also
varies among individuals.  A parameter such as body weight, which can be
determined with a high degree of accuracy and precision, may be subject to little
uncertainty, but can be highly variable.  Other parameters may be subject to little
variability but substantial uncertainty.  Yet others may be both highly uncertain
and highly variable.

The committee attempted to identify the main sources of uncertainty in
assessing the lung-cancer risk from radon exposure.  The committee also con-
ducted a limited quantitative analysis of the uncertainty in estimates of both
relative risk and attributable risk.  The committee did not find it feasible to

TABLE A-7 Influence analysis of β for six cohorts with information on
smokinga

Omitted Cohort βb (%) 95% Confidence Interval (%)c

Never-smokers
None 1.021 0.145 7.180
China 0.880 0.069 10.889
Colorado 0.831 0.085 8.113
Newfoundland 1.298 0.144 11.701
Malmberget 1.019 0.145 7.164
New Mexico 1.097 0.138 8.685

Ever-smokers
None 0.483 0.183 1.272
China 0.724 0.296 1.769
Colorado 0.633 0.122 3.286
Newfoundland 0.458 0.157 1.335
Malmberget 0.375 0.141 1.001
New Mexico 0.371 0.137 1.007

Never-smokers and ever-smokers
None 0.527 0.202 1.375
China 0.785 0.320 1.927
Colorado 0.681 0.137 3.386
Newfoundland 0.530 0.178 1.575
Malmberget 0.394 0.154 1.006
New Mexico 0.414 0.153 1.122

aThe data for Radium Hill was too sparse to obtain useful estimate of β for never-smokers.
bBased on the constant relative risk model RR = 1+βw fit using the 2-stage method.
cConfidence limits based on multiplicative standard error.
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evaluate the combined effects of all sources of uncertainty affecting radon-risk
estimates, but a discussion follows of sources that were included and those that
were not.  This discussion focuses on sources of uncertainties in estimates of risk
resulting from radon exposure in somewhat general terms, and gives an indica-
tion of the likely magnitude of the uncertainty for many of the sources.

Measures of Risk

In this report, radon risks have been characterized in two ways.  First esti-
mates of relative risk (RR) were obtained using the committee’s preferred risk
models (chapter 3, Table 3-6).  These estimates reflect the lifetime relative risk
(LRR) of lung-cancer mortality at specified (constant) levels of exposure, for
ever-smokers and never-smokers.  Such estimates are subject to a number of
uncertainties, which vary among individuals depending on the level of exposure
to radon, smoking status, and other factors.

In order to gauge the public health impact of residential radon exposure, the
population attributable risk (AR) is also considered (chapter 3, Table 3-7).  It is
important to note that such population-based measures of risk are subject to
uncertainty, but not variability.  Factors, such as the level of exposure to radon, or
the dosimetric K-factor which vary among individuals within the population, are
effectively integrated out when calculating the AR.

The type of risk estimate and purposes for which it is to be used affect the
uncertainties in the risk. Estimates that are intended to reflect current U.S. expo-
sure conditions are subject to uncertainty in estimating these conditions, whereas
estimates intended to apply to hypothetical exposure scenarios are not.

The population to which the risk estimate is to be applied is also relevant; for
example, because the underground miner studies included only males, estimates
for females are less certain than those for males. In addition, because all factors
that modify risks may not have been identified and included in risk models,
estimates of individual risks are more uncertain than estimates of total (or aver-
age) population risks.

Categorization of Uncertainties

Sources of uncertainty may be categorized in different ways.  One approach
is to consider uncertainties arising at each step in the risk assessment process.
This report focuses largely on the development of an exposure-response model
that expresses the dependence of lifetime lung-cancer risks on radon exposure
and demographic variables.  This model was based on analyses of data from 11
underground miner cohorts.  Risk estimates for persons exposed in residences
also require a model for estimating differences in radon dosimetry in mines and
in homes, referred  to here as the “exposure/dose conversion model”.  In addition,
risk estimates intended to reflect current U.S. exposure conditions require esti-
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mates of these conditions.  Demographic information, including baseline lung-
cancer risks, is also needed.  Thus, uncertainties are first categorized as indicated
by the Roman numerals in chapter 3, Table 3-13.  The material here primarily
addresses uncertainties arising from the exposure-response model relating lung-
cancer risk to radon exposure.  The exposure/dose conversion model is discussed
in appendix B, while estimation of the exposure distribution is discussed in
appendix G.  Uncertainties in the exposure/dose model and in the demographic
data are briefly discussed later in this section.

Uncertainties in the model relating lung-cancer risk to exposure are further
categorized by distinguishing  uncertainties in the parameter estimates from un-
certainties in specification of the model, and in its application to residential
exposure of the U.S. population.  This categorization is similar to that used by
Morgan and others (1990), by the NRC committee on Risk Assessment of Haz-
ardous Air Pollutants (NRC 1994b), and by the BEIR V committee (1990).  As
Morgan and others note, the distinction between parameter and model uncertain-
ties is somewhat blurred, since the selected model can be viewed as a special case
of a much richer model with many of the risk factors omitted.  For example, the
linear model used in this report is a special case of more general non-linear
models, and was chosen because more general models did not provide signifi-
cantly better fits to the underground miner data (Lubin and others 1994a) and
because of the radiobiological considerations discussed in chapter 2.  Morgan and
others point out that every model is necessarily an oversimplification of reality,
and, in this sense, all models are approximations.  The distinction between pa-
rameter and model uncertainties is nevertheless a useful one, since the latter are
especially important for extrapolating from exposure in mines to exposure in U.S.
homes.

Because the risk model was developed from analyses of underground miner
data, it provides a reasonably good description of the average risk for these
miners.  The U.S. population includes groups (for example, females) and condi-
tions (for example, very low exposures) that are not represented in the under-
ground studies, and, even for groups that are represented, the relative contribu-
tions of these groups differ  (for example, the underground miner cohorts include
a larger proportion of ever-smokers than the general U.S. population).  A fully
adequate model needs to take account of all modifying factors that differ between
miners and the general population.  To the extent that such factors are omitted
from models, bias in risk estimates may result.

Rai and others (1996) distinguish between uncertainty and variability in risk
assessment.  Uncertainty represents ignorance about the values of model param-
eters, while variability represents the inherent variation in the values of param-
eters among individuals in the population of interest.  Whereas population-based
measures of risk such as the AR are not subject to variability, individual measures
of risk such as the LRR do vary among individuals in the population.  Models that
take account of factors that modify risk and allow risk estimates for subgroups of
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the population can reduce variability within these subgroups.  For example, there
may be less variability in separate estimates of risk for ever-smokers and never-
smokers than in a combined estimate; however, there might still be considerable
variability among ever-smokers if the model did not account for the amount of
smoking or distinguish between current and former smokers.  For many factors,
there is little basis for estimating variability.  For example, both the shape of the
exposure-response function and the pattern of risks over time probably vary from
person to person, but data for quantifying this variation are scarce.  Past efforts to
quantify uncertainties in estimates of risk from radon or from low-LET radiation
have addressed only uncertainty, and have not attempted to quantify variability
(NRC 1988, 1990; Puskin 1992).

Uncertainties in Parameter Estimates in the Lung Cancer Exposure-
Response Model Derived from Underground Miner Data

Sampling Variation in Underground Miner Data

Uncertainty resulting from sampling variation differs from most other un-
certainty sources in that it can be quantified using rigorous statistical ap-
proaches.  Sampling uncertainty in the fitted coefficients of models based on
analyses of data from the 11 miner cohorts can be described in terms of the
variance-covariance matrix of these coefficients, which takes account of both
random error and heterogeneity among cohorts.  The assumption of multivariate
normality is widely used and generally valid in large samples.  However, because
the population attributable risk is a complex function of the estimated parameters,
and because the distributions of the statistics involved may not be adequately
approximated by multivariate normal distributions, the committee conducted
Monte Carlo simulations to obtain uncertainty distributions and confidence inter-
vals for attributable risks as described later in this appendix.

Errors in the Underground Miner Data

In the three sections that follow, errors in the data from the 11 miner cohorts
used to determine the committee’s risk model are discussed.  Ecological and
case-control studies of people exposed to residential radon are also subject to
biases from their data, but these are not discussed here because these data were
not used directly in developing the risk model.  These uncertainties are however
discussed in appendix G.

Errors in the Underground Miner Data on Health Effects

Vital status and information on cause of death were determined from a
variety of information sources in the 11 miner cohorts, including local and na-
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tional cancer and vital statistics registries, company records, electoral rolls, driv-
ing license records, telephone directories, and death certificates.  In most cohorts,
follow-up methods were thorough, but undoubtedly some misclassification of
vital status occurred because of identifier inaccuracies and subject mobility.  Fail-
ure to determine that a subject had died would lead to incorrectly including
person-years after death had occurred, and might also lead to omitting some
deaths due to lung cancer.

Errors in assignment of cause of death may also have occurred.  Lung-cancer
deaths that were incorrectly diagnosed as other diseases may have been missed,
some deaths counted as lung cancers may have in fact been due to other causes,
and secondary and primary lung cancers may sometimes have been confused.
Several of the studies relied on death certificate diagnoses, and these were not
always verified.  Percy and others (1981) assessed the validity of death certifi-
cates for cancer in the United States in the 1970s by comparing the cause of death
listed on death certificates with hospital records.  For lung cancer, death certifi-
cates were both sensitive (95% of lung cancers were detected) and specific (93.9%
of death certificates coded with lung cancer as the cause of death were confirmed
by hospital records).  These results would not necessarily apply to data from other
countries, but most of the countries contributing data have high standards of
medical care and should have high confirmation rates.  It is worth noting that
China and Czechoslovakia, the two cohorts with the largest numbers of lung-
cancer deaths, used special methods to ascertain cases, and did not rely on death
certificate information.

Because analyses of miner cohorts were based on internal comparisons within
each of the cohorts, bias from errors in health endpoint data would be largest if
these errors depended on the level of exposure; dependencies of this type do not
seem likely.  Because non-lung-cancer deaths that were incorrectly classified as
lung cancers would not be related to exposure, such deaths could lead to slight
underestimation of risk even if the misclassification were non-differential.
Non-differential errors that resulted in missing some lung-cancer deaths would
reduce power, but should not lead to bias.  Relative to other sources of error, bias
from errors in health outcome data is not thought to be large, and no attempt has
been made to quantify it.

Errors in the Underground Miner Data on Exposure
to Radon and Radon Progeny

The exposure estimates used in the committee’s analyses of the 11 miner
cohorts are subject to many sources of error, as discussed in detail in appendix F.
These errors occur because measurements of radon and radon progeny were
limited for many of the mines, especially during the early period of mine opera-
tions.  When measurements were not available, it was necessary to estimate
exposures on the basis of data from earlier or later years, from measurements in
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proximal mines, or based on mine conditions.  Even when measurements were
available, they may not always have been entirely representative of the typical
conditions to which workers were exposed, especially if the measurements were
made for regulatory purposes.  In some cases, especially in earlier years, mea-
surements were made of radon rather than radon progeny, and these could not be
used to estimate radon-progeny exposure accurately unless information on equi-
librium was available.

In addition, the number of hours spent in the mine and in various locations
were not fully documented.  These limitations could have led to both systematic
and random errors in estimates of radon-progeny exposure for individual miners.
As indicated in appendix F, there are many factors that could lead to bias in
exposure estimates.  Data were not sufficient to determine the overall magnitude
or even the overall direction of bias, and there is no assurance that various
systematic biases “cancel” each other.  Thus, these potential biases increase the
uncertainty in risk estimates. Random exposure-measurement error can be ex-
pected to lead to underestimation of risk, and can also distort exposure-response
relationships.  Statistical methods are available for adjusting for such errors, but
require that the nature and magnitude of the errors be specified (see appendix E
and Thomas and others 1993).  These methods are often difficult to implement,
especially when the error structure is complex.  The result of a limited simulation
study in which the impact of exposure assessment error is illustrated in given in
appendix G.  This study also illustrates how these effects can be mitigated using
adjustments for measurement error, provided the measurement error model is
known.

Errors may also vary by calendar-year period and by the specific method
used to estimate each worker’s exposure.  Some sources of error are independent
for estimates for different workers while others may be correlated.  Even if the
details of these errors were fully understood, accounting for them would not be a
simple task.

It is likely that some unknown portion of the variation in risk estimates
among the 11 cohorts results from variation in the direction and magnitude of
systematic biases and random errors in exposure measurements.  A portion of the
uncertainty resulting from exposure-measurement error may thus be included in
the heterogeneity component of the variance for the risk coefficient based on the
combined analyses.  However, it is unlikely that this takes account of all uncer-
tainty from this source, and no account has been taken of the tendency for random
error to bias risk estimates downward.  For most of the cohorts, exposure mea-
surement errors are likely to be greatest in the earliest periods of operation when
exposures were largest and fewer measurements were made.  For this reason,
measurement errors not only affect the estimates of the overall risk coefficient,
but may also bias estimates of parameters that describe the relationship of risk
with other variables such as exposure rate, time since exposure, and age at risk.
For example, the underestimation of risk due to random exposure errors may be



Copyright © National Academy of Sciences. All rights reserved.

Health Effects of Exposure to Radon: BEIR VI
http://www.nap.edu/catalog/5499.html

162 APPENDIX A

more severe at high exposure rates than at low exposure rates, leading to
exaggeration of the effects of factors that modify the dependence of risk on
exposure rate.

At this time, it is difficult to quantify bias and uncertainty resulting from
exposure-measurement error.  For the Czechoslovakian cohort, improvements in
both exposure measurements and follow-up data increased the ERR/WLM from
0.37% to 0.61% with most of the increase attributed to the exposure-measure-
ment changes (Tomás̆ek and others 1994a).  This does not reflect the full effect of
measurement error in the earlier data since the revised data were still subject to
error.  Because exposure-measurement methods were not the same for all cohorts,
the impact of exposure-measurement errors undoubtedly varies considerably
among the eleven cohorts.  Some efforts have been made to evaluate the impact
of exposure measurement errors in individual miner cohorts, as described in
appendix E.

In chapter 3, analyses with a focus on miner data below 0.175 Jhm–3 (50
WLM), are described.  These restricted analyses did  not involve estimation of an
exposure-rate parameter. Furthermore, miners exposed at these low levels were
predominantly miners who were employed in more recent periods when exposure-
assessment methods had improved substantially over those employed earlier.
More than a third of the lung-cancer deaths in the exposure restricted analyses
came from the Ontario cohort, where exposure assessment methods were among
the best of the 11 cohorts.  Lifetime risk estimates based on models developed
from these analyses were very similar to those obtained using the committee’s
recommended models.

Limitations in the Underground Miner Data on Other Exposures

In addition to the radon-progeny exposure, underground miners were also
exposed to arsenic, silica, and diesel fumes.  Because these exposures may be
positively correlated with radon-progeny exposures, there is potential for con-
founding if no adjustment for such exposures is made.  Even in the absence of
such a correlation, these other exposures may have enhanced the risk due to radon
progeny, leading to larger risks in miners than would result from exposure to
radon progeny alone.  Quantitative data on arsenic exposure were available only
for China and Ontario, although Colorado, New Mexico, and France had data on
whether subjects had previously worked in underground mines other than ura-
nium mines.  Adjustment for arsenic exposure reduced the estimated ERR/WLM
for China from 0.61% to 0.16%, but had little effect on risk estimates for the other
cohorts.  Limitations in the available data make it very difficult to evaluate the
potential bias in the overall risk estimate resulting from inadequate adjustment
for arsenic exposure.  Data on individual miner exposures to silica or to diesel
fumes were not available.  The possible effects of all three exposures are dis-
cussed in appendix F.



Copyright © National Academy of Sciences. All rights reserved.

Health Effects of Exposure to Radon: BEIR VI
http://www.nap.edu/catalog/5499.html

RISK MODELING AND UNCERTAINTY ANALYSIS 163

Smoking is another exposure that is of concern both as a confounder and as
a risk modifier.  The high prevalence of smoking in underground miners repre-
sents a source of uncertainty in extending the risk estimates from mines to  the
general population.  Although tobacco-smoking is a very strong risk factor for
lung cancer, data on smoking are rarely sufficiently detailed to allow adequate
adjustments for smoking in epidemiological studies of lung cancer.  Of the 11
cohorts used to develop the risk model, only 6 of the cohorts had data on smok-
ing.  These data were not always quantitative, and detailed data on changes in
smoking status over time were not available for any of the cohorts except for
some limited data on changes in smoking rates and dates of occurrence for miners
in the Colorado cohort.  Because there is no compelling reason to expect a
correlation between smoking and radon progeny exposure, inadequacies in smok-
ing data are of greater concern in evaluating the modifying effects of smoking on
radon risks than in evaluating smoking as a confounder.  This issue is discussed
further below and in appendix C.

Uncertainties in the Specification of the Lung Cancer Exposure-Response
Model and in Its Application to the General U.S. Population

As noted above, these uncertainties are most important for extrapolating
risks from underground mines to persons exposed in homes.

Shape of the Exposure/Exposure-Rate Response Function

Cumulative exposures and exposure rates were generally much higher in
underground mines than those encountered in homes.  Perhaps the most funda-
mental aspect of the committee’s model is the choice of method for extrapolating
risks from occupational to residential exposure levels.  Estimates of the ERR per
unit exposure obtained using the committee’s preferred models are based on data
on miners with average exposure rates below 0.5 WL.  In addition, both analyses
restricted to miners with low cumulative exposures < 0.175 Jhm–3 or 0.35 Jhm–3

(< 50 or <100 WLM) and a meta-analysis of studies of persons exposed in
residences gave risk estimates that were similar to those obtained with the
committee’s recommended models.  Nevertheless, the possibility of non-linearity,
even in this low exposure range, cannot be entirely excluded.  This issue is
discussed further in chapters 2 and 3.

Temporal Expression of Risks

The committee’s risk models provide for a decline in risk with time since
exposure and with age at risk.  Although these patterns were consistently identi-
fied in nearly all of the underground miner cohorts, it is possible that the esti-
mates of these effects could have been biased by time-dependent errors in both
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exposure measurements and health-endpoint data, and also by possible changes
in smoking habits over time.  To estimate these effects, it was necessary to
include the high exposure miner data; unfortunately, data were inadequate to
effectively investigate whether such effects might vary by level of exposure.  The
statistical uncertainty in estimating the parameters quantifying age at risk effects
was included in the Monte Carlo simulations that were conducted, but the uncer-
tainty in estimating the parameters quantifying the time since exposure param-
eters was not included.

Dependence of Risks on Sex

The cohorts used to develop the committee’s risk models included only male
miners.  Case-control studies of residential radon exposure include both males
and females, but data are not yet sufficient to investigate the possible modifying
effects of sex.  Lung-cancer death rates in the United States are about three or
four times higher for males than for females, which could affect risks resulting
from radon exposure.  It is not known with certainty whether risks for the two
sexes follow the pattern of baseline risks, and are thus comparable on a multipli-
cative scale, or if they are independent of baseline risks, and thus are more
comparable on an absolute scale.  The committee has chosen to assume that risks
are comparable on a multiplicative scale. However, the calculations were also
made under the alternative assumption that  risks for males and females were
comparable on an absolute scale.  This latter assumption increased the estimated
excess lifetime risk for females by a factor of about 2.5.

A large portion of the difference in lung-cancer rates for males and females
is undoubtedly due to differences in smoking habits.  A multiplicative interaction
between radon and smoking would thus support the use of a multiplicative treat-
ment of sex, whereas an additive interaction would not.  Analyses of the under-
ground miner data indicated an interaction intermediate between multiplicative
and additive, and this might suggest such an intermediate approach for address-
ing the modifying effects of sex.  Also, lung-cancer risks in male and female
A-bomb survivors were more comparable on a absolute scale than on a multipli-
cative one.  See chapter 3 and Puskin (1992) for further discussion.

Dependence of Risks on Age at Exposure

Lubin and others (1994a) did not find evidence that age at exposure modified
lung-cancer risks in underground miners.  Consequently, the committee’s pre-
ferred models are based on the assumption that the excess relative risk did not
depend on age at exposure.  Studies of cancer risk in A-bomb survivors and other
populations (UNSCEAR 1994) have also failed to provide evidence of modifica-
tion of lung-cancer risk by age at exposure, although a decline in the excess
relative risk with increasing age at exposure has been observed for other cancer
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categories including all solid tumors, digestive cancers, and cancers of the breast
and thyroid.  In most cases, the strongest evidence for a dependence of risk on age
at exposure was based on a comparison of risks in those exposed as children
(under age 20 years) and those exposed later in life.

Data from the miner cohorts on exposures in childhood are limited primarily
to the China cohort.  Of 813 lung-cancer deaths occurring in miners initially
exposed under age 20 years, 735 occurred in this cohort, and all 54 of the lung
cancers occurring in miners exposed under age 10 yrs were from the China
cohort.  In fact, a large percentage of miners in the China cohort were first
exposed at very young ages, with only 25% (245) of the lung cancers occurring in
those with first exposure at age 20 yrs and older.  Analyses by Lubin and others
(1994a) show statistically significant variations in ERR per unit exposure with
age at first exposure in the China cohort, although the pattern was not consistent.
Clearly the uncertainty in the lung-cancer risks in adults resulting from exposure
in childhood is much greater than for risks resulting from exposure in adulthood
Not only is there the possibility that the ERR per unit exposure for childhood
exposures might differ from that predicted by the committee’s models, it is also
possible that the pattern of decline in risks differs from that observed for adult
exposures.  It is noted, for example, that the committee’s preferred models are
based on the assumption that risks persist for a lifetime, but there are no data to
validate this assumption for exposure in childhood.

Dependence of Risks on Smoking Status

Limitations in the available data on smoking make it difficult to evaluate the
modifying effect of smoking on radon risks.  Because of the need to extrapolate
from miners with a high proportion of ever-smokers to the general population
with a lower proportion of ever-smokers, uncertainties in adjustments for smok-
ing may even affect estimates of average population risks.  Such uncertainties
have a particularly strong effect on estimates that specifically address risks in
ever-smokers and never-smokers.  Because of limitations in available data, it was
not possible to develop a model that took account of the amount smoked, degree
of inhaling, and changes in smoking habits over time.

Uncertainties in the Model for Estimating Differences in Radon-Progeny
Dosimetry in the Mines and in Homes

Several factors that affect the lung dosimetry of radon progeny differ be-
tween mines and homes.  These differences must be accounted for in using risk
estimates based on underground miners to estimate risks for persons exposed in
homes.  The parameter summarizing these differences is often referred to as the
K-factor.  This factor can be expected to vary among individuals, and its average
value may also be subject to uncertainty.  Uncertainty in the K-factor is discussed
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in more detail in appendix B (dosimetry).  Variability in the K-factor was in-
cluded in the committee’s Monte Carlo simulations.

Uncertainty in the K-factor values arises from several sources.  These in-
clude the measurement error in the size-dependent concentrations of airborne
radioactivity collected in the sampling devices, the error in deconvoluting a size
distribution for the measured activity fractions, and the uncertainty in the relative
fractions of time assigned to the various locations in the mine.  The error in
determining the collected activity concentration depends on the statistics of the
counts used to estimate the amounts of the 3 decay products, and the variation in
the pump flow.  Thus, there is variation in the in-home measurements since the
222Rn concentrations ranged from about 30 Bqm–3 up to 800 Bqm–3, depending
on the home being studied.  For typical airborne activity concentrations, the
uncertainties in the individual concentrations are of the order of 5 to 10% and for
PAEC, the errors are 3 to 5%.

These errors then propagate in a non-linear manner since they are input
values to the algorithms used to estimate the activity-weighted size distributions.
In general, this inversion process is ill-posed since it is an undetermined problem
for which a unique solution is not possible.  It is known from simulation exercises
(Ramamurthi and others 1990) that these algorithms can find acceptable solu-
tions although not necessarily the “true” solution.  Thus, it is not possible to
definitively determine the overall uncertainties in the size distributions.  Simi-
larly, it is also extremely difficult to precisely determine the uncertainty in the
times for various mining activities.  Although an exact uncertainty cannot be
assigned to each K-factor value, it is estimated that the values in the central
portion of the distribution should not have errors in excess of 25%.  Thus, the
variability in K is larger than its uncertainty.

Uncertainties Relating to Background Exposures

The risk models developed by the committee based on its analysis of data
from the 11 miner cohorts are based on occupational radon exposures.  However,
miners were also exposed to radon in their homes and outdoors.  Although these
additional exposures contribute to their lung-cancer risk, the residential and am-
bient exposures experienced by miners are much lower than their occupational
exposures.  Consequently, the impact of these non-occupational exposures on the
coefficients in the committee’s risk model is expected to be negligible.

Ambient exposures also need to be considered when evaluating residential
radon risks, since people are exposed to radon in outdoor air as well as in their
homes.  Again, since ambient exposures are not widely available, it is not pos-
sible to adjust for the effects of outdoor exposures on residential radon risks.
However, since ambient exposures are much lower than typical indoor exposures,
any adjustment for outdoor exposures when evaluating residential radon risks is
likely to be small.
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Uncertainties in the Demographic Data Used to Calculate Lifetime Risks

An additional source of uncertainty in lifetime risks involves the application
of the committee’s risk model to obtain estimates of risks for the U.S. population.
These calculations require assumptions about the age distribution of the popula-
tion, life expectancy, and baseline age and sex-specific lung-cancer mortality
rates.  As described in chapter 3, current U.S. life table and vital statistics data
were used for this purpose.  It was assumed that these data were appropriate both
now and in the future.  Rather than evaluate uncertainty from this source, it seems
preferable simply to state that the lifetime risk estimates presented in this report
are appropriate only for a population with these demographic characteristics.  If
changes occur in the future, or risk projection for other populations are desired,
these estimates will need to be recalculated to reflect these modifications.

QUANTITATIVE UNCERTAINTY ANALYSIS

Currently, there is a trend in risk assessment towards a more complete char-
acterization of risk using quantitative techniques for uncertainty analysis (Bartlett
and others 1996; Morgan and others 1990; NRC 1994b).  The results of these
analyses can be summarized in the form of a distribution of possible risks within
the exposed population, taking into account as many sources of uncertainty and
variability as possible. This distribution gives an indication of maximal and mini-
mal risks that might be experienced by different individuals, and the relative
likelihood of intermediate risks between these two extremes.

Finley and Paustenbach (1994) discuss the benefits and disadvantages of
probabilistic exposure assessment compared to using point estimates.  Point esti-
mates are simple to interpret, but provide no indication of level of confidence.
Probability distributions provide risk analysts with a more complete picture of the
possible range of exposure, but are more complex to determine and to use in
decision making.  Edelmann and Burmaster (1996) show that distributions with
the same 95th percentiles could have dramatically different shapes, and that risk-
management decisions based on these distributions may be different.  Recently,
considerable effort has been extended in estimating distributions of risk for use in
health-risk assessment (Finley and others 1994; Ruffle and others 1994).

Uncertainty exists in all stages of the risk-assessment process (Small 1994;
Dakins and others 1994).  An integrated environmental health-risk assessment
model includes source characterization, fate and transport of the substance, expo-
sure media, biological modeling, and estimation of risk using dose-response mod-
eling.  Each component of the integrated risk assessment is subject to uncertainty.
Often what is known about input parameters may be admissible ranges, shape of
the distribution, or the type of data.  To estimate uncertainty in the output, uncer-
tainty distributions are associated with the input parameters.  Distributions char-
acterizing the uncertainty associated with each adjustment factor are developed
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using scientific knowledge to the extent possible  These distributions can then be
sampled using Monte Carlo methods to provide estimates of the output distribu-
tions.  Monte Carlo methods have been used for estimating the impact of uncer-
tainty in adjustment factors on estimation of human population thresholds for
non-carcinogens (Baird and others 1996).  Though convenient and easy to use
with modern computing technology, Monte Carlo methods should be carefully
monitored to ensure the integrity of the results (Burmaster and Anderson 1994).

Distinguishing between uncertainty and variability is necessary but some-
times difficult (Hoffman and Hammonds 1994; Bogen 1995).  One approach for
describing uncertainty and variability in lognormal random variables is to plot a
range of probability distributions in two dimensions, representing uncertainty
and variability, thereby permitting the impact of uncertainty to be visualized
(Burmaster and Korsan 1996).  Uncertainty can sometimes be reduced by collect-
ing more information, but variability cannot.  Information on metabolic activa-
tion, detoxification, and DNA repair was recently considered in evaluating inter-
individual variability (Hattis and Barlow 1996; Hattis and Silver 1994). It was
shown that empirical studies of biological parameters are useful in establishing
uncertainty factors for heterogeneity in individual risk.  It was also noted that the
inter-individual variability tends to be overstated due to the presence of measure-
ment error; adjustments can be made using empirical Bayes shrinkage estimators
(Goddard and others 1994) and other statistical techniques.

Quantitative Analysis of Uncertainty and Variability

Rai and others (1996) have developed a general framework for the analysis
of uncertainty and variability in risk.  In the most general case, the risk R is
defined as function

R = H(X1, X2, . . . , Xp) (31)

of p risk factors X1, . . . , Xp.  Each risk factor X1  may vary within the population
of interest according to some distribution with probability density function
fi(Xi | ∂i), conditional upon the parameter ∂i.  Uncertainty in Xi is characterized by
a distribution gi(∂i | ∂0

i) for ∂i, where ∂0
i is the true value of the parameter.  If ∂i is

a vector valued, gi is a multivariate distribution. Here, it is assumed that the forms
of the distributions f and g are known.  The case in which the form of f or g is
unknown introduces another level of complexity which remains to be addressed.

If ∂i is a known constant and the distribution fi is not concentrated at a single
point, Xi exhibits variability only.  On the other hand, Xi is subject to both
uncertainty and variability if both ∂i and fi are stochastic.  When fi is concentrated
at a single point ∂i, and ∂i is stochastic, Xi is subject to uncertainty but not
variability.  Consequently, the variables X1, . . . ,Xp can be partitioned into three
groups: variables subject to uncertainty only, variables subject to variability only,
and variables subject to both uncertainty and variability.
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Rai and Krewski (1998) consider the special case of a multiplicative risk
model

R = X1 X2  . . . Xp.  (32)

The multiplicative model is applicable in many situations encountered in prac-
tice, and affords a number of simplifications in the analysis.  In particular, the
multiplicative risk model in (32) is simplified by applying the logarithmic trans-
formation.  Xi = log Xi (i = 1, . . . p).  After transformation, the multiplicative
model can be re-expressed as an additive model

R Xi
i

p
* *,=

=
∑

1

(33)

where R* = log R.  Assume that  each Xi has mean µi and variance Var(Xi), where
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UNCERTAINTY IN POPULATION ATTRIBUTABLE RISK

In the present application, uncertainty in estimates of the population attribut-
able risk of lung cancer due to residential radon exposure is of primary interest.
The general approach to uncertainty analysis proposed by Rai and others (1996)
is used for this purpose.  As discussed previously, the attributable risk (AR) is not
subject to variability, since it is a measure of population rather than individual
risk.

Following Levin (1953) and Lubin and Boice (1989), the attributable risk of
lung cancer due to radon exposure is defined as the proportion of lung-cancer
deaths attributable to radon progeny.  For continuous risk factors, the AR can be
written as
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Here, fw is the marginal probability density function of the exposure distribution,
reflecting variability in residential radon concentrations.  R(w) is the lifetime risk
of lung cancer for a lifetime exposure to radon progeny at a yearly level w in the
presence of competing risks, and

RR w
R w

R
( )

( )

( )
( )=

0
37

is the lifetime relative risk.  Note that lifetime excess relative risk, ERR(w) =
RR(w)–1, appears in the integrand (36).

The K-factor also influences the lifetime risk of lung cancer.  To accommo-
date the effect of the K-factor, equation (36) can be modified as
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Here the joint marginal distribution of w and K, fw,k(w,k), is the product of the
distributions of w and K, since we assume that these two variables are statistically
independent.

Let hi and hi* be the lung cancer and overall mortality rates for age group i,
respectively, in a referent population.  Furthermore, let ei be the excess relative
risk due to exposure w to radon progeny for age group i.  Here, we consider two
types of models for ei:

e i w i w Ki wl i= ( ) ( ) ( ) (39)*βφ γ
and

e i w i i Ki dur= ( ) ( ) ( ) (40)*βφ γ ,
where

w i w i w i w i* ( ) ( ) ( ).( ) = (41)- - - -5 14 15 24 15 24 15 24 25+ + +θ θ

The factors w5-14,w15-24 and w25+ represent cumulative radon-progeny exposures
received 5-14, 15-24 and more than 25 years prior to disease diagnosis, respec-
tively.  Note both (39) and (40) are multiplicative models of the type (32).

The remaining risk factors in (39) and (40) are redefined as
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and

γ

γ
γ
γ
γ
γ

dur

d

d

d

d

d

i

for i

for i

for i

for i

for i

( )

( )

( )

( )

( )

( ) .

=

− < =
≤ − ≤
≤ − ≤
≤ − ≤

− >














1

2

3

4

5

5 5 1

5 5 14

15 5 24

25 5 34

5 35

(44)

Models (39) and (40) express the age-specific excess relative risk using a
risk factor γwl for exposure concentration and an alternative risk factor γdur for
exposure duration, respectively.  These correspond to the committee’s exposure-
age-concentration and exposure-age-duration models.

The lifetime risk of lung cancer is given by the sum of the risk of lung cancer
death each year:

R w k
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Here,

S i e q ei k k
k

i

( , , ) ( )1
1

1

=
=

−

∏ (46)

and

q e h h ei i i( ) exp[ ( )]*= − + (47)

is the probability of surviving year i for an individual with exposure w given that
the individual survived up to year i-1.

The model for the AR in (38) depends on the uncertainty and variability
distributions of w and K.  We assume that w has lognormal distribution with
geometric mean 24.8 Bqm–3 and geometric standard deviation 3.11, and has
uncertainty only in the geometric standard deviation.  We also assume that K has
a lognormal distribution with geometric mean 1.0 and geometric standard devia-
tion 1.5, and has no uncertainty.  Since there is no closed form expression for the
integrand in model (38), we approximate the integral by summing over the ranges
of values for w and K.
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This approximate version of the attributable risk model depends on the risk
factors in either (39) or (40).  The uncertainty in these factors is characterized by
lognormal or log-uniform distributions as summarized in Table A-8.  These
uncertainty distributions were based on the committee’s judgment as to the likely
range of values for each of these factors.  By postulating an uncertainty distribu-
tion for each of the factors in the model, the committee acknowledges that all
factors are subject to some degree of uncertainty.  Although statistical uncertainty
in the estimates of the parameters in the committee’s performed models is in-
cluded, distributions also reflect other sources of uncertainty as discussed previ-
ously in this appendix.

Uncertainty distributions of the AR were obtained with Monte Carlo sam-
pling (Rai and others 1996).  Although computationally intensive, the analysis is
straightforward.  First, a set of model parameter values was obtained by sampling
from a multivariate normal distribution with mean equal to the estimated param-
eter values and the values in the covariance matrix given in Table A-9 and based
on the standard statistical software package S-Plus.  (The Monte Carlo simulation
was done on a log scale, with each risk factor Xi in (39) and (40) replaced by
exp[Ef(X*

i)].)  Second, the attributable risk was calculated as described previ-
ously in this appendix.  Repeating this procedure 10,000 times in case I and 1,000

TABLE A-8a Uncertainty and variability distributions for risk factors in the
exposure-age-concentration model for excess relative risk

Risk factor Variability Uncertainty

Model parameters
α = (β, φa, γz) Constant α ~ N (µ, Σ)a

Exposure to radon w LNb (gmc = 24.8, gsdd = 3.11)
K-factor LN (gm = 1, gsd = 1.5) gm = 1.00, gsd~LUe (1.2, 2.2)

TABLE A-8b Uncertainty and variability distributions for risk factors in the
exposure-age-duration model for excess relative risk

Risk Factor Variability Uncertainty

Model parameters
α = (β, φa, γz) Constant α ~ N (µ, Σ)f

Exposure to radon w LN (gm = 24.8, gsd = 3.11)
K-factor LN (gm = 1, gsd = 1.5) gm =1.00; gsd ~ LU(1.2, 2.2)

aMultivariate normal distribution with µ and Σ specified in Table A-9a.
bLN: Log-Normal.
cgm: geometric mean.
dgsd:geometric standard deviation = defined as expσ, where σ denotes the standard deviation of
logeX.
eLU(a,b): Log-uniform distribution, with, with logeX uniformly distributed between logea and logeb.
fMultivariate normal distribution with µ and Σ specified in Table A-9b.
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times in cases II and III (which require considerably more computational effort)
produced uncertainty distributions for the AR.

The median of the uncertainty distribution for the AR is shown in Table A-
10 along with 95% uncertainty limits covering the central mass of distribution.
These limits range from 9.1-28.2% for the exposure-age-concentration model
and from 6.8-21.0% for the exposure-age-duration model.

TABLE A-10a Impact of uncertainty and variability on uncertainty intervals
for population attributable risk for males

Exposure-age- Exposure-age-
concentration model duration model

Source AR 95%U.I. AR 95%U.I.

Uncertainty when K = 1 0.148 (0.091, 0.238) 0.103 (0.068, 0.158)
Uncertainty incorporating

variability in K 0.150 (0.097, 0.224) 0.106 (0.077, 0.178)
Uncertainty incorporating

variability and uncertainty
in K 0.159 (0.095, 0.259) 0.111 (0.081, 0.194)

TABLE A-10b Impact of uncertainty and variability on uncertainty intervals
for population attributable risk for females

Exposure-age- Exposure-age-
concentration model duration model

Source ARa 95%U.I. ARa 95%U.I.

Uncertainty when K = 1 0.160 (0.099, 0.256) 0.111 (0.079, 0.179)
Uncertainty incorporating

variability in Kb 0.169 (0.104, 0.278) 0.119 (0.084, 0.192)
Uncertainty incorporating

variability and uncertainty
in Kc 0.173 (0.104, 0.282) 0.125 (0.088, 0.210)

aMedian of uncertainty distribution
bK ~ LN(gm = 1 , gsd = 1.5)
cK ~ LN(gm = 1,  gsd ~ LU(1.2, 2.2))
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Appendix B

Comparative Dosimetry

INTRODUCTION

In order to extrapolate the lung-cancer risk derived from the epidemiological
analysis of the underground miner data to the general population, a number of
steps are needed.  The approach to dealing with smoking, gender, and age at
exposure were discussed in chapter 3.  In addition, it is necessary to account for
the differences in exposure conditions between mines and homes, in breathing
rates for different activities in mining and typical home behavior, and in respira-
tory physiology between men, women, children, and infants.  These factors deter-
mine the relationships between exposure and dose and the possibility of differing
relationships between exposure and dose for miners and for the general popula-
tion needs to be considered in extrapolating a risk model from miners to the
general population.  The comparative dosimetry approach used by the committee
follows that described by the Panel on Dosimetric Assumptions Affecting the
Application of Radon Risk Estimates (NRC 1991) and the BEIR IV Committee
(NRC 1988).

In chapters 2 and 3, the committee reviewed the biological and epidemio-
logical data suggesting that lung-cancer risk varies directly with exposure to
radon and its decay products  It is now assumed that lung-cancer risks varies
directly with the dose of alpha energy delivered to the appropriate cellular targets,
and that the dose can be estimated from the exposure using a dosimetric model.
A dosimetric model is employed to estimate the dose received by particular
classes within the general population such as adult males (not miners), adult
women, children, and infants as well as to adult male miners.  The dosimetric
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model takes into account the exposure conditions in homes and in mines as well
as the relevant physiological characteristics of the population groups.  The ratio
of the dose of alpha energy per unit exposure for a particular population group
(men, women, children, infant) as given by the radon concentration to the dose
per unit radon concentration to the miners is given by K:

K = [Dosehome/Exposurehome]/[Dosemine/Exposuremine] (1)

The K-factor includes diverse environmental and physiological factors and
the use of this double ratio greatly simplifies the risk assessment for indoor radon.
This chapter addresses dosimetry of radon progeny in the lung and presents the
calculated K-factor values by reviewing the information available on exposure
conditions in homes and mines, presenting the dosimetric-model used and then
presenting the resulting distributions of K-factor values that were calculated.

EXPOSURE

Introduction

The formation and decay sequence for 222Rn was shown in Figure 1-1.  Be-
cause 222Rn has an almost 4-day half-life, it has time to penetrate through the soil
and building materials into the indoor environment where it decays into its prog-
eny.  There is some recent evidence that in spite of its short half-life, 55 seconds,
220Rn can also penetrate into structures in significant amounts.  However, the data
are limited and the extent of the thoron problem is quite uncertain as discussed in
a subsequent section of this chapter.

The short-lived decay products, 218Po (Radium-A), 214Pb (Radium-B), 214Bi
(Radium-C), and 214Po (Radium-C′), represent a rapid sequence of decays that
result in two α-decays, two β-decays and several γ-emissions following the de-
cay.  To illustrate the behavior of the activity of the radioactive products of the
radon decay, the activity of each of the short-lived isotopes is plotted as a func-
tion of time for initially pure 222Rn in Figure B-1.  Because 222Rn has a longer
half-life than either of the four short-lived products, the progeny reach the same
activity (number of decays per unit time) as the radon.  The mixture then decays
with the 3.8 day half-life of the radon.  Each 222Rn decay results in four progeny
decays so that the total activity is then the sum of these individual decay-product
concentrations.  The activity is the product of the decay constant (ln 2/half-life)
times the number of radioactive atoms.  Thus, the short-lived 218Po can have an
activity equal to the 222Rn because a large decay constant times a small number of
atoms becomes equal to a small decay constant times a large number of atoms.

If the products formed by the decay of the radon were to remain in the air,
then there would also be equal activity concentrations of 218Po, 214Pb, and other
progeny.  The resulting mixture is said to be in secular equilibrium.  As used in
the monitoring of uranium mines, an equilibrium mixture of these decay products
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at 3700 Bqm–3 (100 pCiL–1) is called a working level (WL).  Thus, a 370 Bqm–3

(10 pCiL–1) equilibrium mixture represents 0.1 working level.
The cumulative exposure to such activity can be expressed as the amount of

activity in WL multiplied by time of exposure.  In occupational exposure assess-
ments for miners, this cumulative exposure has historically been given in Work-
ing Level Months, WLM, where it is assumed there are 170 hours in a working
month.  The WLM is calculated as

Cumulative Exposure in WLM =  WL
t

170
(2)i

i 1

n

( )i • 



=

∑

where (WL)i is the average concentration of radon decay products during expo-
sure interval expressed in WL and ti is the number of hours of the exposure.  The
cumulative exposure when spending all of the time in a house at a given decay
product concentration is more than four times that for occupational exposure
(8766 compared to 2000 hours worked on an annual basis).

FIGURE B-1 Normalized in-growth of decay-product activities of an atmosphere ini-
tially containing only 222Rn.
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More appropriately, the activity of the radon decay products is described by
a quantity called the Potential Alpha Energy Concentration (PAEC). The total
airborne potential alpha energy concentration, PAEC, is calculated as follows:

Cp(Jm–3) = (5.79C1 + 28.6C2 + 21.0C3) × 10–10 (3)

where Cp is the PAEC in Jm–3, and C1, C2, C3 are the activity concentrations of
218Po, 214Pb, and 214Bi in Bqm–3, respectively.  This quantity incorporates the
deposition of energy into the air.  Exposure can be then expressed as the PAEC
multiplied by the length of exposure in hours.  This exposure is reported in the
scientific units of Joule-hours per cubic meter (Jhm–3).  Although much of the
prior epidemiological studies on the radon risk as observed in underground miner
populations have used exposure measured in WLM, these values can be easily
converted into proper SI units by multiplying the original estimates of exposure
in WLM by 3.5 × 10–3 Jhm–3 WLM–1.

In either homes or mines, decay products are lost from the air by attachment
to environmental surfaces.  In homes these surfaces include walls, floors, furni-
ture, and the people in the room.  The decay products also attach to airborne
particles.  The processes that control the airborne concentrations of the decay
products are shown in Figure B-2.  The attachment to the airborne particles
maintains the radioactivity in the air since submicron particles typically remain
suspended in the air over long times.  The ratio of decay products to radon,
termed the equilibrium factor, F, ranges from 0.2 to 0.8 with typical values of
0.35 to 0.4 (Hopke and others 1995).

FIGURE B-2 Behavior of radon decay products in indoor air.
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Another concept relating to the decay products is that of the “unattached”
fraction.  Although it is now known that the decay-product atoms are ultrafine
particles (0.5 to 2 nm in diameter), an operationally defined quantity called the
“unattached” fraction has been used to describe this activity.  However, there is
no general agreement on a procedure for estimating its value.  The “unattached”
fraction should not be considered as single atoms of progeny; we now know that
the unattached fraction actually comprises small clusters of molecules.  These
unattached decay products have much higher mobilities in the air than the at-
tached activity and can more effectively deposit in the respiratory tract.  Thus, the
“unattached” fraction has been given emphasis in estimating the health effects of
radon decay products.  Typically most of the “unattached” activity is 218Po and
the value of unattached fraction, fp, is usually in the range of 0.01 to 0.10 in
indoor air, although it may be higher if the concentrations of particles in the air
are very low.  One does not actually measure unattached particle numbers but
rather unattached decay-product activity in Bqm–3.  Thus, the PAEC can be
obtained directly from the unattached activity.

AIRBORNE PARTICLE PROPERTIES

The particles in indoor air are quite different in size from those that are
typically encountered in the outdoor atmosphere.  There are also many types of
particle sources in a home such as open flames of a gas stove or candles, cooking,
aerosol-spray products, and tobacco-smoking.  In general, particles larger than 1
µm cannot penetrate into a house.  A typical distribution of room air particles is
shown in Figure B-3.  The points are the average of 10 separate measurements.
Particle sizes in typical room air are around 50 to 100 nanometers (nm).  The size
distributions for particles generated by gas stoves and by cigarette-smoking are
shown in Figures B-4 and B-5.  These distributions show that there are much
higher particle concentrations when particle sources are operating.  The high
temperatures in the gas stove flame produces small particles with a peak in the
distribution at about 20 nanometers while the lower temperatures in cigarette
burning generates particles in the 100 to 300 nanometer (0.1 to 0.3 µm) range.
The particle concentrations decrease over time because of surface deposition and
ventilation.  To obtain estimates of the activity-weighted size distributions, the
number distributions are multiplied by the probability of attachment for the unat-
tached radon decay product (Porstendörfer and others 1979).

Exposure in Normally Occupied Homes

Over the past decade, improvements in measurement technology have
allowed the direct measurement of the activity-weighted size distribution of
the radon decay products in normally occupied homes.  Methods have been
developed by which the entire radioactive aerosol size distribution can be
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deduced from the measured activity collected on or penetrating through a
series of screens.

The first activity-size measurements in indoor and ambient air were made by
Sinclair and others (1977) using a specially designed high-volume-flow diffusion
battery.  They observed bimodal distributions with activity mode diameters of 7.5
and 150 nm in indoor atmospheres and 30 and 500 nm outdoors in New York
City.  Similar results were reported by George and Breslin (1980).  In Göttingen,
West Germany, Becker and others (1984) only observed the larger mode using a
modified impactor method with a minimum detectable size of 10 nm.  More
extensive measurements in New York City by the group at the Environmental
Measurements Laboratory (EML) have been reported by Knutson and others
(1984) using several different types of diffusion batteries as well as cascade
impactors.  They again observed modes around 10 nm and 130 nm in the PAEC-
weighted size distribution measured with a low-volume screen diffusion battery.
Four samples taken with a medium-volume (25 L min–1) screen diffusion battery
showed a major mode at 80 to 110 nm and a minor mode containing 8 to 9% of

FIGURE B-3 Particle size distribution for room air.  The curve is a fit to averages
(points not shown).  Each average derived from 10 separate measurements.  Figure taken
from Li and Hopke (1993).
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the PAEC with a diameter < 5 nm.  Finally, the same group made measurements
at Socorro, NM (George and others 1984).  They report that the major mode was
only slightly different from that found in New York. However, the minor mode
was always < 5 nm, distinctly smaller than in the New York distributions.

One of the problems with the extension of screen diffusion batteries to smaller
particle sizes is the substantial collection efficiency of the high mesh-number
screens typically used in diffusion batteries designed to cover the range of par-
ticle size from 5 to 500 nm.  At normally used flow rates, a single 635-mesh
screen has greater than 90% efficiency for collecting 1 nm particles, the size of
“unattached” 218Po having a diffusion coefficient of the order of 0.05 cm2s–1.  A
theory of screen penetration (Cheng and Yeh 1980; Cheng and others 1980; Yeh
and others 1982) had been developed in the late 1970s and this theory was
validated to 4 nm by Scheibel and Porstendörfer (1984).  The limitations of high
mesh-number screens were recognized and it then became possible to examine
new types of diffusion battery designs that could be extended to smaller particle
diameters.

Reineking and others (1985), Reineking and Porstendörfer (1986) and
Reineking and others (1988) use the high-volume flow diffusion batteries de-

FIGURE B-4 Particle size distribution from a gas stove burner.  Each point represents
the average of 10 separate measurements.  Figure taken from Li and Hopke (1993).
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scribed in Reineking and Porstendörfer (1986) to obtain activity-size distribu-
tions.  They obtained their size distributions by fitting log-normal distributions
using an algorithm that searches the solution space for an acceptable fit (SIM-
PLEX).  Size distributions of indoor air in rooms without and with the addition of
particles from running an electric motor are presented in Figures B-6 and B-7.

Holub and Knutson (1987) report the development of low-flow diffusion
batteries with low mesh number screens and extension of the EML batteries to
smaller sizes.  Tu and Knutson (1988a,b) have used the 25 L min–1 screen diffu-
sion batteries to measure the 218Po-weighted size distributions in the presence of
several specific aerosol sources.  The results of these measurements are presented
in Figures B-8 and B-9.  The presence of a mode around 10 nm is again observed
in curve 1 in Figure B-8.  Only in curve 1 (no active aerosol sources) in Figure B-
9 is a mode at 1 nm observed.  In all of the other cases, the activity is attached to
the aerosol present in the house.  The attachment was confirmed by indepen-
dently measuring the aerosol-size distributions using an electrical aerosol ana-
lyzer (Liu and Pui 1975) and the attachment coefficients recommended by
Porstendörfer and others (1979).  There was a high level of agreement between
the measured and calculated activity-weighted size distributions.

FIGURE B-5 Particle size distribution for sidestream cigarette smoke.  Each point rep-
resents the average of 10 separate measurements.  Figure taken from Li and Hopke (1993).



Copyright © National Academy of Sciences. All rights reserved.

Health Effects of Exposure to Radon: BEIR VI
http://www.nap.edu/catalog/5499.html

184 APPENDIX B

FIGURE B-6 Activity-weighted size distribution of the indoor aerosol in a closed room
without active aerosol sources.  Figure taken from Reineking and Portstendörfer (1986).

FIGURE B-7 Activity-weighted size distribution of the indoor aerosol in a closed room
with an operating electric motor.  Figure taken from Reineking and Porstendörfer (1986).
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Several other groups including the National Radiation Protection Board
(NRPB) of the United Kingdom and the Australian Radiation Laboratory (ARL)
have also developed these graded-screen diffusion batteries for activity-weighted
size distribution measurements.  Intercomparison experiments between the mea-
surement methods have been performed (Hopke and others 1992).  Generally
good agreement was obtained.

Several automated systems to make use of this methodology have been
developed.  Strong (1988) used 6 sampling heads containing 0, 1, 3, 7 18, and 45
stainless steel, 400-mesh wire screens.  He has measured the size distributions in
several rooms in two houses at two times of the year.  The size distributions
observed in the kitchen are presented in Figure B-10.

These results are summarized in Table B-1.  It should be noted that in the
“kitchen” curve in Figure B-10, a trimodal distribution is observed; a true “unat-
tached” fraction at 1 nm, a nuclei mode at 10 nm, and an accumulation mode at
100 to 130 nm.  In the table, the “unattached” fractions presented are the inte-
grated values from the size distributions.  A problem of interpretation then arises
regarding the “unattached” fraction since Strong integrates the distribution up to
> 10 nm to obtain the fraction that he attributes as being “unattached.”  For the
distribution in a kitchen during cooking, the activity median diameter for the
“unattached” fraction is given as 11 nm.  This designation is a clear departure
from the original purpose for defining an “unattached” fraction.  The advent of
these more sophisticated and sensitive measurement systems has necessitated
either a more precise definition of the meaning of the “unattached” fraction or
cessation of its use (Hopke 1992).

Subsequent to these original measurements, Strong (1989) modified his sys-
tem by changing the screens to one 200-mesh screen and 1, 4, 14, and 45 400-

FIGURE B-10 PAEC size distributions measured in a rural house kitchen by Strong
(1988).
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mesh screens as well as the open channel.  This modification provides a stage
such that there is higher resolution for the smallest sized particles extending the
range of the system to 0.5 nm.  The effective resolution cut-off of the original
battery was about 2 nm.  With the new battery, tri-modal distributions are clearly
observed (Figure B-11).  Although these measurements were made in the living
room, the kitchen is adjacent and cooking with a gas stove was being performed
at the time of these measurements.  These results show the need to measure the
size distribution and determine the actual exposure of individuals to airborne
radon-progeny activity in order to estimate doses.

A similar system has been developed at the Australian Radiation Laboratory
by Solomon (1989).  It is designed for measurements in the size range of 2 to 600
nm.  The measurements have been extended to a smaller size range (0.5 to 100 nm)
using a manual, serial single-screen array sampling at 1 to 6 L min–1 and to lower
concentrations in the same size range using larger screens (9.5 cm diameter) and a
100 L min–1 flow rate.  Dr. Solomon has examined both the Twomey (1975) and
Expectation Maximization (Maher and Laird 1985) algorithms for deconvoluting
the size distributions from the screen-penetration data.  For both algorithms, he has
developed a Monte Carlo method for determining the stability of the inferred size
distributions.  New input values for the concentrations found on each stage are
chosen from a normal distributions using the measured radon decay-product activ-
ity as the mean value and the measured uncertainty as the standard deviation of the
distribution.  This process can be repeated a number of times to provide a measure
of the precision and robustness of the estimated size distributions.

A semi-continuous automated system has been developed by Ramamurthi
and Hopke (1991).  This system has now been used extensively to measure the
exposure in a series of 6 homes in the northeastern United States and southeastern
Ontario, Canada (Hopke and others 1995).  The locations and characteristics of
these houses are presented in Table B-2.  The results for several of these houses

FIGURE B-11 Tri-model activity size distributions measured by Strong (1989) under
conditions of a) F = 0.36, CN = 10,000 cm–3; b) F = 0.26, CN = 5000 cm–3.
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have been gathered in order to provide baseline data for a series of studies of the
behavior of air cleaners; Northford, CT (Li and Hopke 1991), Arnprior, Ontario
(Hopke and others 1993), and Parishville, NY (Hopke and others 1994).  Prelimi-
nary results, including 2 Princeton, NJ houses and one week of the Arnprior data,
have been reported by Wasiolek and others (1992).  Three other houses have been
studied, but the measurements were made in the basement and may not represent
the living areas of these homes.  In two other homes, measurements were made
while they were unoccupied and particles were produced through various activi-
ties such as cooking, vacuuming, and smoking.  However, these results are not
representative of the activity-weighted size distributions produced in normally
occupied homes.  In all cases radon concentrations were also measured using
standard continuous radon monitors.

The measurements in the houses were combined in order to estimate the
distribution of exposures and resulting doses.  There are differing numbers of
measurements in these various houses, but in order to combine the data, it was
assumed that all of the measurements come from a single distribution.  The
results for these measurements are presented as cumulative distribution func-
tions.  The distribution of the equilibrium factor, F, based on the complete set of
results (565 samples) is presented in Figure B-12.  Summary statistics for this
distribution are presented in Table B-3.  The geometric mean value of F is 0.374
and the geometric standard deviation is 1.57, while the arithmetic mean is 0.408
with an arithmetic standard deviation of 0.159.  Thus, the value of F in this
sample of North American homes is lower than the previous estimate of 0.50
used by the Environmental Protection Agency in its risk estimates (USEPA
1992b) and is similar to the values measured in German homes by Reineking and
Porstendörfer (1990).

Activity-weighted size distributions have been measured in 6 homes.  In
several cases, there was a person who lived in the home that smoked.  The
distributions of airborne radioactivity for each class of homes have been pre-
sented.  In all of these cases, the activity-weighted size distributions are available
so that doses can be calculated for each type of individual under consideration.

For a given radon concentration, and assuming other parameters to be con-
stant, variation of F translates into a proportional variation in lung dose-rate.
Wasiolek and others (1992) had earlier reported that the presence of a smoker in
a home substantially affected the exposure and estimated dose.  Thus, the size
distributions were segregated into a non-smoking group (422 samples) and a
smoking group (143 samples).  The corresponding distributions for equilibrium
factor for the non-smoking and smoking houses are given in Figures B-13 and B-
14, respectively. The summary statistics for these distributions are also presented
in Table B-3.  These results will provide the basis for the activity-weighted size
distributions that will be considered typical of exposure in normally occupied
homes and used by the committee.  For these measurements, the median dose is
essentially the same in the homes with and without a smoker.  This result is
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FIGURE B-12 Cumulative frequency distribution for equilibrium factor based on the
complete set of 565 measurements in 6 homes (Hopke and others 1995).

caused by the compensating factors of particle size and concentration.  With a
smoker present, there is a higher particle concentration leading to higher F val-
ues.  However, the activity is found in particle sizes around 200 to 300 nm that are
not deposited in the respiratory tract at a high rate and thus produce low doses per
unit exposure (as will be presented later in this chapter).

In the case of the separated distributions, the influence of the smoker on the
exposure conditions can be observed in the values in this table. The equilibrium
factor in the homes with smokers is higher than in the non-smoker homes, where
the arithmetic mean value in the smoker homes is 0.481 and geometric mean is
0.469 while the non-smoker values are 0.383 and 0.346.

EXPOSURE IN MINES

Introduction

In the 1991 NRC report of the panel on Dosimetric Assumptions, an effort
was made to estimate the aerosol characteristics that prevailed for the typical
conditions that existed in mines. There are several major complicating factors in
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TABLE B-3 Summary statistics for the measured or calculated distributions

Arithmetic Geometric
Arithmetic Standard Geometric Standard
Mean Deviation Mean Deviation

All Houses
Equilibrium Factor 0.408 0.159 0.374 1.57

Dose Rate per Unit Exposure
(nGy h-1/ Bqm-3) 6.97 2.55 6.50 1.47

Houses With Smokers Present
Equilibrium Factor 0.481 0.108 0.469 1.24

Dose Rate per Unit Exposure
(nGy h-1/ Bqm-3) 6.77 1.45 6.62 1.24

Houses Without Smokers Present
Equilibrium Factor 0.383 0.166 0.346 1.61

Dose Rate per Unit Exposure
(nGy h-1/ Bqm-3) 7.04 2.83 6.346 1.54

FIGURE B-13 Cumulative frequency distribution for equilibrium factor based on the
set of measurements for houses with a smoker (Hopke and others 1995).
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FIGURE B-14 Cumulative frequency distribution for equilibrium factor based on the
set of measurements for houses without a smoker (Hopke and others 1995).

making the assessment of the activity-weighted size distributions.  For example
in the United States prior to 1961, there were no regulations of any kind with
respect to the concentration of airborne activity and undoubtedly there were very
high particle concentrations, particularly in the small mines if normal operations
such as blasting and slushing were conducted.  The history of ventilation in U.S.
mines is outlined in Table B-4 (Also see workshop report in appendix E annex 2).

Early Mining Operations

There are only 2 reports of any measurements in the time period prior to
1962 (Simpson and others 1954; HASL 1960).  In both of these reports, efforts
were made to measure activity-size distributions using a Casella cascade impac-
tor (May 1945).  Simpson and others examined the airborne activity in the Beaver-
lodge Mine.  They found that essentially all of the activity was associated with
particles less than 1 µm.  When the dust concentrations were “high,” there was
more activity associated with larger particles.  However, dust measurements were
made with a konimeter.  Particles in 5 cm3 of air which impacted on a glass slide
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which had been heated to 1000oF before and after acid treatment, were counted at
a magnification of 150× against a dark field.  Counts were made of particles less
than 5 µm diameter with a lower level of visibility being 0.25 µm.  The results
were reported as particles per cubic centimeter (ppcc).  It is clearly very difficult
to relate these values to total airborne particulate mass and thereby define “high”
dust concentrations.

Measurements were made by HASL (1960) in 3 mines in western Colorado.
Again 81 to 97% of the activity was attached to particles less than 1 µm in
aerodynamic diameter.  There was no separation of particles by size below 1 µm
and it is difficult to use these data to estimate the dose per unit radon concentra-
tion.  There were no dust concentrations given in this report.

Later Measurements in Mines

There were a series of measurements made in 4 mines of the Grants Mineral
Belt in New Mexico by George and others (1975, 1977).  At the time, it was not
possible to fully reconstruct the activity-weighted size distributions.  However,
subsequently Knutson and George (1992) have reanalyzed the data to obtain the
full information from the original data.  Typical distributions are shown in the
next section.  These results were chosen by the committee as the best representa-
tion of the aerosol conditions in typical working mines.  Measurements were
made in a variety of locations in the mines.  Table B-5 presents a summary of the
results of these measurements.

These data were grouped into 4 categories of work activities: slusher, stopes,
drifts and haulageways, and machine shops as the representative regions within
the mine.  The hourly doses per unit radon concentration were calculated for each

TABLE B-4 History of Work Practices in U.S. Minesa

Year Description

1947-1950 No ventilation except to clear blasting smoke in old radium and
vanadium mines.

1950-1953 As new mines were opened, there was more natural ventilation from
vent holes and adjacent mines.

1955 Seven state conference on uranium mining health hazards.
1957 Union Carbide started extensive air sampling.
1958 Union Carbide adopted a 10 WL shut down.
1960 Governors’ conference on radon hazards in uranium mines.
1961 Colorado adopted a 10 WL shut down.
1962 Union Carbide went to a 5 WL shut down.
1963 Colorado adopted a 3 WL limit.
1967 U.S. Department of Labor recommended a limit of 12 WLM per year.
1969 U.S. Department of Labor reduced limit to 3.4 WLM per year.

aCourtesy of W. Chenoweth.
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group based on their average activity-weighted size distributions.  The dose per
unit radon for the miner was then estimated using a distribution of time as 40% in
the slushing position, 40% in stopes, 10% in drifts and haulageways, and 10% in
machine shops.  It is assumed that the exposure in drifts and haulageways was
received in getting to and from the work locations while the machine shop time
would also reflect lunchrooms and other places away from active mining areas.

Reference Size Distributions

In order to estimate the dose in homes and in mines, activity-weighted size
distributions are needed.  The size-dependent dose conversion coefficients can
then be multiplied by the activity at each particle size and summed to yield the
total dose.  The reference size distributions in homes were taken from those
measured by Hopke and others (1995) which were described earlier in this chap-
ter.  The activity-weighted distributions at the median dose for the houses with
and without a smoker present were chosen as the representative distributions for
homes.  Figures B-15 and B-16 show these distributions.

The mine size distributions were derived from the constructed size distribu-
tions of Knutson and George (1992) who provided their data to the committee for
this purpose.  The size distributions for the various positions in mines are shown
in Figure B-17.

DOSE

Dosimetry

Dosimetry is defined as the measurement of the amount, type, rate, and
distribution of radiation emitted from a source of ionizing radiation and the
calculation of both spatial and temporal patterns of energy absorption in any
material of interest as a result of ionizing radiation.  For a general review, see
NRC 1991.  Instruments and techniques exist to measure fields of penetrating
radiation such as x rays or gamma rays that are external to the body, and provide
means for directly quantifying the amount of energy deposited per unit mass of
material (air, tissue, water).  These dose measurements can then be related to a
person present in the radiation field and the radiation dose that he or she would
receive.  In the case of internally-deposited radionuclides, however, direct mea-
surement of the energy absorbed from ionizing radiation emitted by the decaying
radionuclide is rarely, if ever, possible.  Therefore, one must rely on dosimetric
models to obtain estimates of the spatial and temporal patterns of energy deposi-
tion in tissues and organs of the body.  In the simplest case, when the radionuclide
is uniformly distributed throughout the volume of a tissue of homogeneous com-
position and when the size of the tissue is large compared with the range of the
particulate emissions of the radionuclide, then the dose rate within the tissue is
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FIGURE B-15 Representative activity-weighted distributions for homes with a smoker
present.

FIGURE B-16 Representative activity-weighted distributions for homes without a smoker
present.
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also uniform and calculation of absorbed dose can proceed without complication.
However, nonuniformities in the spatial and temporal distributions of the radio-
nuclide, coupled with heterogeneous tissue composition, make the calculation of
absorbed radiation dose complex and uncertain, as in the case of inhaled radon
and radon progeny in the respiratory tract.

Biodosimetry

To adequately link radiation exposure to risk it is essential to understand the
relationship between the radiation exposure and the effective radiation dose to
respiratory tract cells.  A number of mathematical models that relate exposure to
dose have been developed and they will be discussed in the next section of this
document.  Many of these models, as shown in this chapter, depend on knowl-
edge of a range of physical factors such as attached fraction, particle size, respi-
ratory rate, and airway morphology.  This section briefly reviews the use of
biodosimetry as a means to provide an additional check on physical models to
evaluate the relationships between exposure in Jhm–3 and dose in mGy in respira-
tory tract cells.

The biodosimetric approach has two major uses.  First, to evaluate dose
delivered to individuals in radiation accidents when no physical dosimetry is

FIGURE B-17 Activity-weighted size distributions for the 4 types of locations in New
Mexico mines.



Copyright © National Academy of Sciences. All rights reserved.

Health Effects of Exposure to Radon: BEIR VI
http://www.nap.edu/catalog/5499.html

COMPARATIVE DOSIMETRY 199

present.  This area has been and continues to be an important part of radiation
protection.  The major cell type used for these studies has been the blood lympho-
cyte because its response represents an average dose to the individual, blood
lymphocytes are easy to obtain, these cells divide very slowly or not at all in vivo
and can be stimulated to divide in vitro which makes them a useful integrator of
radiation dose with time, and finally the dose-response relationship for these cells
has been carefully developed for a number of different radiation types.  A useful
review of the state of the art for biodosimetry using blood lymphocytes has been
published (Bender and others 1988).

The second use of biodosimetry is to validate models of dosimetry for cells
at risk in organs or systems where it is difficult or impossible to have direct
measures of dose to target cells or tissues (Brooks and others 1997).  This area is
currently being developed for the respiratory tract.  The approach has been to
develop an in vitro/in vivo experimental animal respiratory tract model cellular
system to understand the relationships that exist between cytogenetic damage in
different populations of respiratory tract cells and radiation dose.  The damage in
these cell types has been measured as cell-killing (Thomassen and others 1992),
chromosome aberrations (Brooks and others 1990b), or as the frequency of micro-
nuclei induced in binucleated cells (Khan and others 1994, 1995; Brooks and
others 1997; Bao and others 1997).  These studies have measured damage using
five different cell types from the respiratory tract;  nasal, tracheal, and deep-lung
epithelial cells (Brooks and others 1992, 1997; Thomassen and others 1992),
deep-lung macrophages (Johnson and Newton 1994; Bisson and others 1994),
and deep-lung fibroblasts (Khan and others 1994, 1995).

To characterize the relationships which exist between exposure, dose and
cytogenetic damage it was necessary to understand how both physical and bio-
logical variables impact the response of model systems to radiation exposure.
The influence of physical parameters including; total dose, dose rate, radiation
type, LET, and aerosol characteristics have been characterized in deep-lung fibro-
blasts on dose-response relationships.  Biological factors can also influence the
response per unit of exposure or dose.  The biological factors including cell
turnover, species, strain, sex, cell cycle, and cell type have to be considered in
these studies.  Both of these sets of factors make biological dosimetry difficult to
apply without adequate background information on the system to be used.

Research on physical factors demonstrated that in lung fibroblasts over the
range of doses studied the radiation exposure increased the frequency of micro-
nuclei as a linear function of radiation dose for both high- and low-LET radiation
(Brooks and others 1994; Bao and others 1997).  To determine the influence of
dose and estimate an RBE for radon-induced micronuclei, CHO cells or rat deep-
lung fibroblasts were given acute in vitro  exposure to 60Co or radon.  The in vitro
dose was calculated according to the methods of Hui and others (1993).  The
slopes of the dose-response relationships were compared and resulted in RBEs of
from 10-12 following acute radiation exposure (Brooks and others 1994).
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To determine how dose-rate influenced dose-response relationships, rats were
exposed to graded doses of 60Co gamma rays for 4 or 67 hours and the frequency
of micronuclei in deep-lung fibroblasts compared to that induced by acute expo-
sure to 60Co (Brooks and others 1995).  When these values were compared to
those following acute in vivo exposures a dose-rate effectiveness factor of 6.1
was derived.  Exposure of the animals to 60Co or inhalation of radon protracted
over the same period of time (67 hrs) resulted in a linear increase in micronuclei
as a function of dose.  A comparison of the dose-response relationships for these
exposure conditions resulted in an RBE of 65 for protracted exposures to radon vs
low-LET gamma radiation (Brooks and others 1995).

In addition to physical factors, there are many biological factors that can
influence observed dose and exposure response relationships.  To extrapolate
information from experimental animals to man it is essential to understand the
dose-response relationships for in vivo and in vitro radiation exposure.  When rat
deep-lung fibroblasts were exposed either before or after isolation from the ani-
mal and the frequency of micronuclei determined, there were no differences
observed in the slopes of the dose-response relationships (Khan and others 1994).
Studies on the influence of cell proliferation on radon-induced micronuclei dem-
onstrated that the sensitivity of proliferating and non-proliferating cells was not
significantly different (Khan and others 1994).  Studies on the induction of mi-
cronuclei in rat lung macrophages in vivo demonstrated that the maximum fre-
quency of micronuclei was observed at 21 days after the radon inhalation.  This is
the time required in vivo for an optimum number of cells to undergo a single cell
division and express the micronuclei induced by the radiation (Johnson and New-
ton 1994).  The same length of time was used between exposure and scoring
micronuclei for macrophages grown in vitro following exposure to alpha par-
ticles from 239Pu.

Understanding how between-species differences for the induction of early
cytogenetic damage relates to species differences for cancer induction is essential
for risk extrapolation.  Research has been conducted in a range of different
species and strains to determine if the sensitivity for early cytogenetic damage
reflects cancer risk.  Studies were conducted to evaluate the clastogenic potency
of radon in Wistar rats, Syrian hamsters, and Chinese hamsters (Khan and others
1995) and two strains of mice (A/J and C57BL6J) (Groch and others 1997).
These animals were selected because of their sensitivity to radiation and chemi-
cally induced lung cancer.  Rats are very sensitive to the induction of lung cancer
from radon while Syrian hamsters, and mice have been reported to be very
resistant to radon-induced cancer (Cross 1994a,b).  The two strains of mice are
very different in their response to lung cancer induced by ethyl carbamate.  The
A/J strain is very sensitive to chemically-induced lung cancer and the C57Bl6J is
resistant.  Our studies demonstrated that the order of sensitivity between species
for radon-induced micronuclei was mice>Chinese hamsters>Syrian hamster> rats.
There was no significant difference between the two strains of mice in the
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frequency of micronuclei induced by the radon inhalation or by ethyl carbamate
injection.  It was also determined that there was no influence of sex or strain of
rats (Wistar vs Fischer 344) on 60Co-induced micronuclei in respiratory epithelial
or fibroblast cells (Bao and others 1997) even though these two strains of rats
show a marked difference in the frequency of 239Pu-induced lung cancer (Sanders
and Lundgren 1995).  These data suggest that there is little relationship between
radiation sensitivity for the induction of lung cancer and micronuclei induction in
respiratory-tract cells.  There was on the other hand linear exposure- and dose-
response relationships for the induction of micronuclei in all the animal species
studied.  This would support the concept that micronuclei are a very good indica-
tor of dose but not a good indicator of cancer risk and extrapolation from dose or
damage to risk should be done with caution.

It may be more important to understand the influence of cell type on cancer
induction and genetic change than it is to understand how strain, sex, or species
influences cancer risk.  The basic assumption in using a relative risk model rather
than the absolute risk model is that the induced cancer risk is related to the
spontaneous cancer risk.  The spontaneous cancer risk is very different in differ-
ent organs and cells of the body.  Studies related the initial radon-induced cellular
damage to the cells at risk for radon-induced lung cancer.  In these studies the
frequency of micronuclei was measured in the deep-lung fibroblasts, deep-lung
epithelial cells, and in nasal and tracheal epithelial cells following exposure to
either 60Co or radon inhalation.  The 60Co studies were designed to maintain a
constant dose to each cell type and determine if there was a difference in radiation
sensitivity between cells (Bao and others 1997).  The radon study would have
both dose and response varied for each of the cell types being evaluated.  It was
determined that following exposure to 60Co the deep-lung fibroblasts and lung
epithelial cells were from 2-3 times as sensitive for the induction of micronuclei
as were the nasal or tracheal epithelial cells.  The nose and trachea are much more
resistant to radon-induced cancer than the deep-lung epithelial cells.  When rats
were exposed to radon and the frequency of micronuclei evaluated in all four cell
types it was observed that the frequency of micronuclei in deep-lung epithelial
cells (0.64 micronuclei/binucleated cell/WLM) was about 2-3 times as high as
when fibroblasts were scored from the same animal (0.24 micronuclei/binucleated
cell/WLM).  This study demonstrated that even though these two tissues had
similar sensitivity for the induction of micronuclei by low-LET radiation, they
had different amounts of damage done by inhalation of radon.  These observa-
tions suggest that the effective cellular dose (mGy) may be very different per
WLM of exposure in the same animal.

By combining the data from the inhalation of radon in vivo and the dose-
response relationship for micronuclei induced by radon exposure in vitro, it was
possible to use micronuclei as a biodosimeter to convert exposure to dose in mGy
(Khan and others 1994).  Table B-6 shows the estimates of dose/exposure for a
range of different tissues and cell types following inhalation of radon.  Most of
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the tissues had between 0.2-3.0 mGy/WLM.  The major exception was for the
deep-lung macrophages (Johnson and Newton 1994) where values of about 10
mGy/WLM were reported.

These studies indicate that careful characterization of model cell systems is
necessary before they can be used in biological dosimetry.  Following such charac-
terization, it has been demonstrated that biological dosimetry may be useful in
determining dose when physical dosimetry is not available and for evaluating the
distribution of dose and damage in the respiratory tract following inhalation of
radon or other environmental pollutants.  Additional studies are needed to better
determine how dose distribution relates to exposure parameters.  This research
points out some of the problems associated with using short-term tests to predict
risk and demonstrates that many of these tests are better measures of dose and
initial damage than risk.  However, at this time it is clear that biodosimetry cannot
be used to estimate the exposure or dose to either miners or people living in their
homes.  Thus, a dosimetric model will be needed to relate exposure to dose.

Dosimetric Models

Various models have been used to evaluate doses to the lungs from inhaled
radon progeny (for example, Jacobi and Eisfeld 1980; Harley and Pasternack
1982; Hofmann 1982; NEA 1983; James 1988).  These models divided the activ-
ity into two size categories: attached and unattached.  In these models, a higher
dose per unit exposure was assigned to the unattached fraction.  However, the
exact range of sizes that are assigned to this fraction in measurements by different
investigators has varied widely (Ramamurthi and Hopke 1989).  This imprecision
in definition has necessitated more detailed assessments in which the dose con-
version coefficients are calculated as continuous functions of particle size.  The

TABLE B-6 Summary of biodosimetry

Exposure Exposure/Dose
End Point (WLM) Dose (mGy) (mGy/WLM)

Cell Survival (T.E.) Radon 238Pu 2.1
Chr. Abs (T.E.) Radon 238Pu 2.0-3.1
Micro (L.M.) Radon 238Pu 9.8
Micro (L.M.) Radon Gamma Rays 0.75-2.5
Micro (D.L.E.) Radon Radon 0.47-1.1
Micro (D.L.E.) Radon Calculation 0.96-1.34
Micro (N.E.) Radon Calculation 0.18-0.33
Micro (T.E.) Radon Calculation 1.34-0.67

T.E. = Tracheal epithelial cells (Thomassen and others 1992, Brooks and others 1992, 1997)
L.M. = Deep-lung macrophages (Johnson and others 1994, Bisson and others 1994)
D.L.E. = Deep-lung epithelial cells (Brooks and others 1997)
N.E. = Nasal epithelial cells (Brooks and others 1997)
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1991 NRC report of the Panel on Dosimetric Assumption (NRC 1991) provides a
detailed introduction to dosimetric models as well as a comprehensive evaluation
of the conversion factors between exposure to PAEC and absorbed doses.  The
Panel’s dosimetry model incorporated knowledge of model parameters of lung
ventilation, aerosol deposition behavior, and anatomical descriptions of target
cells as of 1990.  This treatment was then further refined by the International
Commission for Radiological Protection (ICRP 1994) based on subsequently
developed information.  Both of these dosimetry models consider the nuclei of
secretory cells as well as those of basal cells as potentially sensitive targets in the
respiratory tract.  The ICRP’s new respiratory tract deposition model also incor-
porates more accurate values for the filtration efficiency of the nasal passages
(Swift and others 1992) than did the NRC model (NRC 1991).  As described by
James and others (1991) and James (1992), the new values for nasal filtration
efficiency resulted in decreased doses to the bronchial tree from very small
particles (below 3 nm) by a factor of around two in comparison with previous
estimates.  To use the newly adopted ICRP lung model to evaluate the equivalent
lung dose as a function of the radon progeny activity-size distribution, the soft-
ware code LUDEP (Jarvis and others 1993), which calculates regional lung depo-
sition of activity per unit exposure, was extended to calculate tissue doses from
the short-lived radon progeny as described by Birchall and James (1994).  Subse-
quent to the committee’s modeling and calculations, an additional model has
been proposed by Harley and others (1996).

Respiratory Tract Deposition of Particles

Deposition is the process that determines what fraction of the inspired par-
ticles is caught in the respiratory tract and, thus, fails to exit with expired air.  It
is likely that all particles that touch a wet surface are deposited; thus, the site of
contact is the site of initial deposition.  Distinct physical mechanisms operate on
inspired particles to move them toward respiratory tract surfaces.  Major mecha-
nisms are inertial forces, gravitational sedimentation, Brownian diffusion, inter-
ception, and electrostatic forces.  The extent to which each mechanism contrib-
utes to the deposition of a specific particle depends on the particle’s physical
characteristics, the subject’s breathing pattern, and the geometry of the respira-
tory tract.  Radon progeny are unusual in that they tend to be smaller than most
aerosols of concern to health, and thus, Brownian diffusion dominates.

Detailed treatments of particle deposition have been given by Brain and
Valberg (1979), Lippmann and others (1980), Heyder and others (1982, 1986),
Raabe (1982), Stuart (1984), and Agnew (1984).  Comprehensive treatises on
aerosol behavior are also available (Fuchs 1964; Davies 1967; Mercer 1981;
Hinds 1982; Reist 1984).

The behavior of a particle in the respiratory system is largely determined by
its size and density.  Particles of varying shape and density may be compared by
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their aerodynamic equivalent diameter (Dae).  Aerodynamic diameter is the diam-
eter of the unit density (1 g/cm3) sphere that has the same gravitational settling
velocity as that of the particle in question.  Aerodynamic diameter is proportional
to the product of the geometric diameter and the square root of density.

Diffusional

Radon progeny undergo Brownian diffusion—a random motion caused by
their collisions with gas molecules; this motion can lead to contact and deposition
on respiratory surfaces.  Diffusion is significant for particles with diameters of
less than 1 µm; only then does their size approach the mean free path of gas
molecules.  Thus, this is probably the dominant mechanism for radon progeny
deposition since most of the alpha activity resides on such small particles.  Unlike
inertial or gravitational displacement, diffusion is independent of particle den-
sity; however, it is affected by particle shape (Heyder and Scheuch 1983).  For
these particles, size is best expressed in terms of a thermodynamic equivalent
diameter, Di, the diameter of a sphere that has the same diffusional displacement
as that of the particle.  The probability that a particle would be deposited by
diffusion increases with an increase in the quotient (t/Dt)

1/2, where t is the resi-
dence time and Dt is the particle diffusion coefficient.  Deposition is only weakly
dependent on the inspiratory flow rate.  Diffusion, like sedimentation, is most
important in the peripheral airways and alveoli, where dimensions are smaller.
However, as particle size becomes very small, diffusion may become an impor-
tant mechanism even in the upper airways.

Gravitational

Gravity accelerates falling bodies downward, and terminal settling velocity
is reached when viscous resistive forces of the air are equal and opposite in
direction to gravitational forces.  Respirable particles reach this constant terminal
sedimentation velocity in less that 0.2 ms.  Then, particles can be removed if their
settling causes them to strike airway walls or alveolar surfaces.  The probability
that a particle will deposit by gravitational settling is proportional to the product
of the square of the aerodynamic diameter (Dae

2) and the residence time.  Thus,
breathholding enhances deposition by sedimentation.  Sedimentation is most
important for particles larger than about 0.2 µm and within the peripheral airways
and alveoli, where airflow rates are slow and residence times are long (Heyder
and others 1986).

Inertia

Inertia is the tendency of a moving particle to resist changes in direction and
speed.  It is related to momentum—the product of the particle’s mass and veloc-
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ity.  High linear velocities and abrupt changes in the direction of airflow occur in
the nose and oropharynx and at central airway bifurcations.  Inertia causes a
particle entering bends at these sites to continue in its original direction instead of
following the curvature of the airflow.  If the particle has sufficient mass and
velocity, it will cross airflow streamlines and impact on the airway wall.  The
probability that a particle will deposit by inertial impaction, therefore, increases
with increasing product of Dae

2 and respired flow rate.  Generally, inertial impac-
tion is an important deposition mechanism for particles with aerodynamic diam-
eters larger than 2 µm.  Thus, it is probably unimportant for radon progeny in
indoor air.  It can occur during both inspiration and expiration in the extrathoracic
airways (oropharynx, nasopharynx, and larynx) and central airways.

As particle size decreases, inertia and sedimentation become less important,
but diffusion becomes more important.  For example, a 2-µm-unit-density spheri-
cal particle is displaced by diffusion (Brownian displacement) by only about
9 µm in 1 s.  It is important to know that this displacement varies with the square
root of time.  It settles via gravity by about 125 µm in the same period.  However,
as the particle size drops to 0.2 µm, the diffusional displacement in 1 s increases
to 37 µm whereas gravitational displacement drops to only 2.1 µm.  At 0.02 µm,
gravitational displacement is only 0.013 µm/s while diffusional displacement in
1 s has soared to 290 µm.

Anatomy of Respiratory System

The anatomy of the respiratory tract affects deposition through the diameters
of the airways, the frequency and angles of branching, and the average distances
to the alveolar walls.  Furthermore, along with the inspiratory flow rate, airway
anatomy specifies the local linear velocity of the airstream and the character of
the flow.  A significant change in the effective anatomy of the respiratory tract
occurs when there is a switch between nose and mouth breathing.  There are
inter- and intraspecies differences in lung morphometry, even within the same
individual, the dimensions of the respiratory tract vary with changing lung vol-
ume, with aging, and with pathological processes.

The human respiratory tract is pictured in Figure B-18.  In order for the radon
decay products to cause lung cancer, they must enter the body through the nose or
mouth, pass down the trachea and then reach the bronchial region.  Here the
airways split and become smaller.  The smaller branches are called the bronchi-
oles.  They conduct the air to the alveolar region where the oxygen and carbon
dioxide exchange takes place.  The surface area of the lung increases greatly as
the air moves down the airways to the alveolar region.

Particle deposition in the various portions of the respiratory tract varies with
particle size, breathing rates, relative amounts of oral and nasal breathing, and the
dimensions of the various regions of the respiratory system.  The parameters
listed in Table B-7 for the various populations to be modeled are then the input.
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TABLE B-7 Parameters used in the ICRP (1994) lung-
deposition model

Functional Residual Capacity Tracheal Diameter
Extrathorasic Dead Space First Bronchiolar Diameter
Bronchial Dead Space Ventilation Rate (m3 h–1)
Bronchiolar Dead Space Frequency
Tidal Volume Volumetric flow rate
Height Nasal/oral fraction

FIGURE B-18 Schematic diagram of the human respiratory tract.  Adapted from Hand-
book of Air Pollution, USPHS 999-AP-44 (1968).
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Recently, the ICRP model has been incorporated into a computer program that
includes the respiratory tract deposition model.  The model is based on average
dimensions of the parts of respiratory tract based on a number of measurements.
Recent studies have measured the deposition of particles using physical models of
the nose and mouth as well as the initial portions of the bronchial tree.  Using
magnetic imaging technology, images of the noses and mouths of various people
can be obtained and from these images, models can be built.  Measurements have
been made on other input parameters that are needed for the mathematical lung
model.  The results of the calculation using the ICRP model for a typical male
breathing through his nose with a breathing rate with a typical mix of sleeping,
resting, and light exercise (0.779 m3h–1) are presented in Figure B-19.

The smallest-sized activity deposits efficiently by diffusion and is largely
removed in the nose and mouth.  Thus, the unattached fraction (particles around
1 nm), long considered as delivering a proportionally greater dose per unit expo-
sure to lung cells, has limited penetration to the bronchi.  However, if these
smaller particles increase in size slightly by chemical or physical processes in the

FIGURE B-19 Percent of particles of a specific size deposited in various parts of the
human respiratory tract.
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indoor air, they reach sizes around 5 nm.  A 5 nm particle can effectively pen-
etrate the nasal or oral passages, but still deposit in the bronchial region.  Thus,
the amount of radiation that reaches the lung tissue greatly increases in the 3 to 10
nm size range.

As the size continues to increase toward 100 nm, the effectiveness of the
particle deposition decreases because the particle can move less effectively by
diffusion.  In the size range above 10 nm, most of the deposition occurs in the deep
lung (alveolar region).  In this region of the lung, there is a very large area so that
the activity per unit surface area of the tissue is very small.  For particle sizes above
500 nm, deposition starts to increase again because impaction can now help to
deposit particles in the respiratory tract.  For larger particles (> 2.5 µm) the deposi-
tion is mainly in the nose and mouth and very few of those particles reach the
critical target cells of the lung where they could cause cancer.  Thus, the size of the
particle containing the radioactivity in both the home and the mines is very impor-
tant in determining its effectiveness in delivering dose to the tissue.

The dose from radon progeny depends not only on the amount of aerosol
deposited but also on the amount retained in the lungs over time.  Retention is the
amount of material present in the lungs at any time and equals deposition minus
clearance.  An equilibrium concentration is reached during continuous exposure
to radon progeny when the rate of deposition equals the rate of clearance.  The
location where particles deposit in the lungs determines which mechanisms are
used to clear them and how fast they are cleared.  This influences the amount
retained over time.  Examples of the implications of particle characteristics on
integrated retention were given by Brain and Valberg (1974) using a model
developed by the Task Force on Lung Dynamics.  They showed that the total
amount as well as the distribution of retained dose among nose and pharynx,
trachea and bronchi, and the pulmonary and lymphatic compartments were dra-
matically altered by particle size and solubility.

Particles that deposit on the ciliated airways are cleared primarily by the
mucociliary escalator.  Those particles that penetrate to and deposit in the periph-
eral, nonciliated lung can be cleared by many mechanisms, including transloca-
tion by alveolar macrophages, particle dissolution, or movement of free particles
or particle-containing cells into the interstitium and/or the lymphatics.  These
pathways are relevant for materials that have a long biological half-life, such as
silica, asbestos, or plutonium, but have little importance for radon progeny which
are short-lived because of their short radioactive half-lives.  The majority of the
energy produced by alpha-particle emission is dissipated during the first hour
following deposition.  Thus, the movement of 222Rn progeny very soon after
deposition is relevant to dosimetry.  Reviews of clearance processes have been
prepared by Kilburn (1977), Pavia (1984), and Schlesinger (1985).

The amount of particles retained within a specific lung region over time is a
key determinant of dose.  Mucous moves up the bronchial and bronchiolar re-
gions and carries deposited material out of the lungs and into the gastrointestinal
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tract.  Because of the short half-lives of the radon decay products, and the integra-
tion of their resulting dose over regions of the respiratory tract (bronchus, bron-
chioles, etc.), the radon decay products generally decay and cause damage before
they can be cleared as discussed in detail by ICRP 66 (1994).  However, for the
other important isotope of radon, 220Rn, the second decay product, 212Pb, has a
half-life of about 11 hours so that much of the radioactive 212Pb can be cleared
before it decays.  Thus, the thoron decay products have been estimated to produce
a lower dose for the same exposure as the 222Rn progeny.  Consequently, they
have received little consideration in previous risk estimations.

The assumption that the tracheobronchial region is completely cleared by a
rapid process has been challenged by a number of investigators beginning with
Davies (1980).  The main evidence for slow clearance in humans comes from a
series of experiments by Stahlhofen and coworkers (Stahlhofen and others 1980,
1986a,b, 1987a,b, 1990, 1994; Stahlhofen 1989; Scheuch 1991; Scheuch and
others 1993).  The results of these studies are discussed in detail in ICRP 66
(1994) which concludes that a slow-clearance phase should be included from a
complete lung dose model.  Thus, calculations based on the ICRP 66 model
include a fraction of slow clearance of about 80%, based on the work of Stahl-
hofen and coworkers.  It should be noted that the presence of a slow-clearance
fraction may be controversial.  A recent NCRP lung model report (NCRP 125)
was not available for use in this BEIR VI study.  The presence of a slow-cleared
fraction would increase the effectiveness of the 220Rn decay products in deliver-
ing dose to the cells at risk in the bronchial epithelium.  However, there are
insufficient exposure data for either mines or homes to permit estimation of the
potential contribution of 220Rn decay products to the risk.

Radon Progeny Dosimetry

The radioactive decay of inhaled short-lived radon progeny in the respiratory
tract results in the deposition of alpha-energy in the cells of epithelial tissue.  The
dosimetric quantity measuring the radiation energy absorbed in tissue is the
absorbed dose, D, expressed in grays (Gy).

Deposition of radon progeny in the respiratory tract causes alpha irradiation of
several epithelial tissues; in the nasal passages, the bronchi, the bronchioles, and the
alveolated part of the lungs (NRC 1991).  Each of these tissues is potentially at risk
for carcinogenesis (ICRP 1994).  However, because the majority of lung cancers
have been observed only in the bronchial and bronchiolar regions of the lung
(Saccomanno and others 1996), only the dose to the bronchial and bronchiolar
regions will be considered in the calculation of the dose per unit exposure.

Dose Calculation

The conversion coefficients between airborne radon-progeny concentration
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and the equivalent dose-rate to the lungs as a whole, calculated as functions of
monodisperse particle size, that are given by ICRP’s lung dosimetry model are
presented in Figures B-20(a) through B-20(c), for 218Po, 214Pb, and 214Bi, respec-
tively.  A breathing rate of 0.779 m3 h–1 is assumed to represent the average
breathing rate of a reference subject (adult male) over the 7000 h yr–1 assumed to
be spent indoors at home (ICRP 1994a).  This average breathing rate is estimated
as 55% of time sleeping (0.45 m3 h–1), 15% sitting (0.54 m3 h–1), and 30% light
exercise (1.5 m3 h–1).  These dose conversion coefficients will be the basis for
comparing the effects of exposure received from radon progeny arising from
different exposure scenarios.

Comparative Dosimetry

The objective of the comparative dosimetry is to calculate the differences in
dose that are deposited in the respiratory tract between males working under-
ground and males under more normal conditions as given above, women, chil-
dren at the age of 10, and infants at the age of 1.  The principal differences in the
deposited doses for the same exposure conditions will be due to differences in the
lung deposition.  According to ICRP (1994), the depth and distribution of cells at
risk are identical for all ages and both genders.  Thus, the lung-deposition module
of LUDEP was used to calculate particle deposition as a function of particle size
for a series of different input parameters characterizing the different subpopula-
tions of interest.  The values for these parameters have been taken from ICRP
(1994) and are presented in Tables B-8, B-9, and B-10.  The results of the
deposition modeling are the total particle deposition as a function of size summed
over bronchial and bronchiolar regions of the lung for infants (1 year), children
(10 years), men, and women in domestic environments.  These values will be
ratioed to the deposition in males at occupational breathing rates.  The miner
breathing rate value was chosen to be 1.25 m3 h–1, a value in agreement with the
average value of 1.28 ± 0.26 m3 h–1 derived by Ruzer and others (1995) from
measurements of underground metal miners in Tadjikistan.  These values are
substantially lower than the 1.8 m3 h–1 that had been used in the 1991 Dosimetry
Panel Report (NRC 1991).  ICRP (1994) suggests 1.69 m3 h–1 for heavy work.
However, unpublished data from the South African Chamber of Mines Research
Organization reported by ICRP (1994) estimated a mean value of around 1.3
m3 h–1.  From the ratio of deposition and the dose-conversion coefficients calcu-
lated using the dose model described above, dose-conversion coefficients could
be calculated for each type of individual (man, woman, child, and infant).

K-FACTOR CALCULATION

To calculate the K factor, the typical dose rates to a member of the general
population for each of the 2 exposure conditions (smoking/non-smoking environ-
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FIGURE B-20 Physical Lung Dose Conversion Factor between airborne concentration
of the short-lived radon progeny (in Bqm−3 and dose rate (in nGy h−1), as a function of
carrier particle diameter (in nm).  The overall equivalent dose rate to the lungs as a whole
is shown, together with the contributions from dose received by the bronchial region
(BB), the bronchiolar region (bb), and the alveolar-interstitial region (A-I); (a) for 218Po,
(b) 214Pb, and (c) 214Bi.
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TABLE B-9 Relative distribution of time in various activities for the time
spent indoors at home (taken from ICRP 1994 and LUDEP default settings
from Jarvis and others 1993)

Population Subgroup Sleeping Sitting Light Activity Heavy Activity

Infant, 1 yr 58.33% 12.50% 25.00% —
Child, 10 yr 41.67% 12.28% 30.56% —
Female adult 55.00% 15.00% 30.00% —
Male adult 55.00% 15.00% 30.00% —
Miner adult 0.00% 31.30% 68.80% —

TABLE B-10 Morphometric, physiologic, and lung volumes for children and
adults (taken from ICRP 1994)

Infant, 1 yr Child, 10 yr Adult Male Adult Female

Height (cm) 75 138 176 163
Weight (kg) 10 33 73 60
TLCa (mL)

Mean 548 2869 6982 4968
Standard Deviation 61.5 — 700 600

FRCb (mL)
Mean 244 1484 3301 2681

Standard Deviation 26 311 600 500
VC

c(mL)
Mean 377 2326 5018 3551

Standard Deviation 47 — 560 420
VD 

d(mL)
Mean 20 78 146 124

Standard Deviation — 14.9 22.5 21.0
Anatomical Dead Space (mL)

VBB
e 6.81 25.10 50.00 40.08

Vbb
f 4.70 26.45 47.06 40.19

VET
g 8.73 26.49 48.75 44.18

Smallest Bronchiole (cm) 0.1068 0.1429 0.1651 0.1587
Largest Bronchus (cm) 0.7502 1.3114 1.6500 1.5342

aTotal lung capacity.
bFunctional residual capacity: volume of air that remains in the lungs after exhalation.
cVital capacity: maximum volume of air breathed in during inspiration.
dTotal anatomical dead space: the volume in which no gas exchange occurs.
eBronchial dead space volume.
fBronchiolar dead space volume.
gExtrathoracic dead space volume.
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ments) were calculated from activity concentrations associated with the activity-
weighted size distributions for the home environment and the dose-conversion
coefficient.  This physical dose-rate per unit radon concentration is then divided
by the estimated average dose to a miner based on the exposure results presented
above.  The miner dose-rate per unit radon concentration is 7.0 nGy h–1/ (Bqm–3).
The dose-rates per unit radon are calculated for men, women, children, and
infants based on the activity-weighted size distributions measured.  Each value of
the dose per unit radon concentration in homes is divided by the dose per unit
radon concentration in mines to yield a series of K values.  The distributions for
the K values for houses with a smoker are presented in Figures B-21 to B-24.  The
distributions for the K values for homes without a smoker are shown in Figures
B-25 to B-28.

The median values for the K factor for the various classes of individual in the
2 exposure scenarios (smoker and non-smoker) are given in Table B-11.  It can be
seen that all of these values are near to 1 so that the dose per unit exposure per
unit 222Rn concentration are essentially the same in mines and homes.  The
measurements in homes (Hopke and others 1995) showed that the median dose
per unit radon was relatively insensitive to the aerosol conditions in the homes.

FIGURE B-21 Cumulative frequency distribution for the K factor for adult males based
on the set of measurements in smoker homes.
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FIGURE B-22 Cumulative frequency distribution for the K factor for adult females
based on the set of measurements in smoker homes.

FIGURE B-23 Cumulative frequency distribution for the K factor for children (10 yrs
of age) based on the set of measurements in smoker homes.
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In the case of the homes with a smoker, there is increased radon-progeny activity
per unit radon gas concentration as shown by the increased equilibrium factor,
but because the activity tends to be carried by larger particles, it is less effective
in delivering dose to the respiratory tract.  In the case of the non-smoker homes,
the number of the larger particles is smaller and the amount of airborne progeny
activity per unit radon gas concentration is also less, but because it tends to be
carried by smaller particles, the average dose rate per unit activity concentration
is higher.

The previous NRC analyses of lung dosimetry in mines and homes (NRC
1991) found K factor values around 0.75 for males and females and somewhat
higher for children and infants.  In that earlier NRC report, a sensitivity analysis
was performed to ascertain the effects of changes in input parameters to the dosi-
metric model on the resulting K values.  The dosimetric model used here is very
similar to that used in that report and a new sensitivity analysis was not undertaken.

In that analysis, it was found that changes in the breathing rate had the largest
effects on the dosimetry.  Although breathing rate has some effect on the amount
and the location of activity deposition in the lungs, the largest effect of changing
the breathing rate is the resulting change in the total volume of air inhaled and
thus the total amount of PAEC inhaled.  The median K factor in the new calcula-
tion has increased from previously calculated values to close to 1.  This change

FIGURE B-24 Cumulative frequency distribution for the K factor for 1 year old infants
based on the set of measurements in smoker homes.
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FIGURE B-25 Cumulative frequency distribution for the K factor for adult males based
on the set of measurements in non-smoker homes.

FIGURE B-26 Cumulative frequency distribution for the K factor for adult females
based on the set of measurements in non-smoker homes.
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FIGURE B-28 Cumulative frequency distribution for the K factor for 1 year old infants
based on the set of measurements in non-smoker homes.

FIGURE B-27 Cumulative frequency distribution for the K factor for children (10 yrs
of age) based on the set of measurements in non-smoker homes.
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TABLE B-11 Values of the K Factor

Home with Home without
Subject Type a Smoker a Smoker

Male 0.94 0.95
Female 1.01 1.00
Child 0.99 0.98
Infant 1.08 1.05

primarily reflects a reduction of the miner breathing rate from the 1.8 m3 h–1 to
1.25 m3 h–1 in this present study.  A comparison of the inputs to the dosimetric
modeling that was used to derive the K factor is presented in Table B-12.  As
discussed above, the major difference between the 2 results was the change in
breathing rates based on Ruzer and others (1995) and the South African Miner
Data quoted by ICRP (ICRP 1994).  In this analysis, the committee was able to
utilize the more extensive set of the measurement in homes by Hopke and others
(1995) and the more complete reconstruction of the activity-weighted size distri-
butions in mines provided by Knutson and George (1992) and George (1993).
For the earlier study, the growth of particles when respirated into the high humid-
ity of the lungs was estimated to be a factor of 2.  In the intervening time, a
number of measurements on room air and a variety of materials (Li and Hopke
1993, 1994; Dua and others 1995; Dua and Hopke 1996) have suggested that this
growth factor is quite reasonable for typical room air and since much of aerosol in
the ventilation air in the mine is ambient aerosol, particularly in the size range
below 1 µm where the attached activity is typically observed, this factor of 2 is
also quite reasonable for mines as well.

THORON

There are 2 other naturally occurring isotopes of radon, 220Rn and 219Rn,
commonly referred to as thoron and acton.  220Rn is a decay product of 232Th and
219Rn is a decay product of 235U.  219Rn has a half-life of 3.6 s and thus, it is not
transported far after its formation to produce measurable exposure even to min-
ers.  However, even with a half-life of 55.6 s, 220Rn can be found present in the
atmosphere (Schery 1992). Thoron undergoes α-decay through short-lived 216Po
(0.15 s) which also undergoes α-decays to 212Pb with a half-life of 10.64 h.  The
decay chain, including half-lives and the energies of the emitted radiation, is
outlined in Table B-13.

Homes

There have only been limited measurements of 220Rn and its decay products
in indoor air.  In the measurement of 220Rn there can be substantial variation
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across the volume of a room because of the short half-life.  Consequently, it is
difficult to define representative values of 220Rn.  Thus, most of the available
measurements have been made of the 220Rn progeny rather than 220Rn.  The
available data for the ratio of PAEC arising from 220Rn decay products to that
from 222Rn are summarized in Table B-14.  Rannou (1987) has examined the
variation of the PAEC(220Rn) as the PAEC(222Rn) changes and found that

PAEC(220Rn) = PAEC (222Rn)0.4 (4)

so that the exposure from the 222Rn progeny increases more rapidly than the 220Rn
decay products. Thus, for dwellings with high 222Rn concentrations, it appears

TABLE B-13 Properties of the 220Rn decay chain

Type of Radiation
Radiation Half-Life Energies (MeV)

Radon-220 (Th) α 55.6s 6.2883
Polonium-216 (ThA) α 0.15s 6.7785
Lead-212 (ThB) β 10.64h 0.331, 0.569

γ 0.23863, 0.30009
Bismuth-212 (ThC) β (64%) 60.6m 0.67, 0.93, 1.55, 2.27

γ 0.7272
α (36%) 6.051, 6.090

Polonium (ThD) α 0.298 ms 8.7844
Thallium-208 (ThC’) β 3.053 min 1.796, 1.28, 1.52

γ 2.6146, 0.5831, 0.5107
Lead-208 — Stable

TABLE B-14 Approximate ratio of PAEC for 220Rn
progeny to 222Rn progeny at various locations (Schery
1990)

PAEC (220Rn)
Location PAEC (222Rn)

Italy (Latium), 50 dwellings 1.3
Canada (Elliot Lake), 90 dwellings 0.3
Hungary, 22 dwellings 0.5
Norway, 22 dwellings 0.5
Germany (western), 150 dwellings 0.8
Germany (southwestern), 95 dwellings 0.5
France (Finistere), 219 dwellings 0.3
United States (20 states), 68 measurements 0.6
United States (Colorado), 12 indoor locations

(Martz and others 1990) 0.3
Hong Kong, 10 indoor sites 0.8
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that the 220Rn progeny will not be an important additional source of exposure and
dose.

In the measurements of the activity-weighted size distributions described
above, the system used to make the activity measurements included α-spectros-
copy so that 220Rn progeny could have been observed.  Such activities were not
observed and thus, for these homes, only 222Rn decay products provided exposure
and dose.

Steinhäusler (1996) has recently reviewed the information available regard-
ing thoron exposure and dose.  He concludes that the extent of information on
220Rn and its decay products is analogous to the state of affairs for 222Rn before
the large-scale national radon surveys of the past 15 years.  Few health studies
have been conducted on the possible health effects of inhaling thoron decay
products.  Among residents in high-background areas of Brazil, China, and India,
statistically significant increases have been observed for chromosome aberra-
tions.  The study in China found no increase in lung cancer for thoron exposure at
a mean concentration of 168 Bqm–3 (Wei and others 1993).

Mines

Exposure measurements for 222Rn based on gross-counting methods can be
affected by the presence of 220Rn decay products.  For most of the mines which
employed the workers used in the epidemiological studies, measurements are not
available to determine the presence or absence of 220Rn progeny.  For the mines
in the Colorado Plateau and the Grants Mineral Belt of New Mexico, negligible
concentrations of 220Rn decay products have been found.  There are substantial
concentrations of 220Rn decay products in the mines of the Elliot Lake, Ontario
(DSMA Atcon 1985), where the PAEC arising from 222Rn and 220Rn were ap-
proximately equal.  Corkill and Dory (1984) made a retrospective study of expo-
sure in the fluorspar mines of Newfoundland.  However, they do not mention
220Rn or its decay products.  A similar lack of information exists for the other
mining environments.  Bigu (1985) has examined theoretical models for estimat-
ing the PAEC levels arising from the presence of both radon isotopes.  The
relative amounts of the radon isotopes and their progeny can be estimated based
on the weight ratio of 238U to 232Th.  For the Ontario uranium mines, this ratio is
assumed to be 1.  Results were then calculated based on a number of models that
had been previously developed to predict the airborne activity concentrations.
Bigu found that a substantial number of the measurements fall outside of the
theoretical bounds and there are substantial differences among the results calcu-
lated by the various available models.  Thus, more sophisticated models will need
to be developed to permit adequate estimation of the exposure to 220Rn progeny.
Thus, it is not possible to assess the uncertainty from a concentration of 220Rn
progeny to lung dose in the miner-based risk estimates.

Steinhäusler (1996) also summarized the information available on occupa-
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tionally exposed individuals (iron and rare-earth miners, workers in Th-process-
ing plants and the monazite industry totaling 1557 persons).  Increases in respira-
tory diseases, pancreatic cancer, and chromosome aberrations were found to be
statistically significant.  Among niobium miners in a Th-rich area, an increase in
lung-cancer rates (observed/expected lung cancer cases = 11.3) was found (Solli
and others 1985).  Among approximately 53,000 European and Japanese patients
treated with thorium oxide injections, an increase in lifetime excess cancer risks
for liver and bone cancer as well as leukemia has been observed.  However, there
were no excess lung cancers.  To reduce the uncertainties concerning the effects
of 220Rn decay products, we will need to better characterize dosimetry of thoron
progeny and obtain more data on exposures.

CONCLUSIONS

In this chapter we have reviewed the basis for the dosimetric extrapolation
of risk from miners to the general population, taking into account differences in
the aerosol characteristics, breathing rates, and the respiratory physiology of the
various segments of the population (women, children, infants, as well as men).
The constants have changed from the values of about 0.70 to 0.75 reported by the
NAS Dosimetry Panel (NRC 1991) to values very close to 1.  The differences in
input parameters between the calculations are summarized in Table B-13.  The
primary cause of the shift in K value is attributable to the reduction in the miner
breathing rate based on measurements of actual miners in Tajikistan and South
Africa.  The risks for infants are slightly higher than for miners, but for the other
groups, the risks per unit exposure are essentially identical in homes and mines.
This value around 1 is reasonable given the compensatory factors of particle
concentration raising the airborne concentrations, but in sizes that are only weakly
deposited in the lung.  Thus, the doses per unit radon concentration are essentially
the same although in each case, specific unusual aerosol conditions could sub-
stantially increase the dose per unit exposure.
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INTRODUCTION

Smoking as a Cause of Lung Cancer

During the 20th century, tobacco-smoking has become the dominant cause
of lung cancer throughout the world (USDHHS 1989; Wu-Williams and Samet
1994; Peto and others 1992).  This rapidly fatal malignancy, once an infrequent
cause of death, is now one of the leading causes of cancer death in most coun-
tries of the developed world.  Extensive epidemiologic data along with comple-
mentary toxicologic information have established the causal link of tobacco-
smoking with lung cancer (IARC 1986; U.S. Department of Health Education
and Welfare 1964).  The epidemiologic evidence indicates that the risk of lung
cancer is determined strongly by the extent of exposure to mainstream smoke,
increasing with the number of cigarettes smoked and with the duration of smok-
ing.  Together, number of cigarettes smoked and the duration of smoking can
be used in a multistage model to predict the general pattern of lung-cancer
risk associated with smoking (Wu-Williams and Samet 1994; Doll and Peto
1978).  For former smokers, risk declines with the duration of smoking cessation
(USDHHS 1990).  The pattern of inhalation of the tobacco smoke and the types
of cigarettes smoked have a lesser influence on the risk of smoking (Wu-Will-
iams and Samet 1994).

Passive smoking, the inhalation of the mixture of sidestream smoke and
exhaled mainstream smoke, has been found to cause lung cancer among persons
who have never smoked (USDHHS 1988; USEPA 1992c).  This conclusion has

Appendix C

Tobacco-Smoking and Its
Interaction with Radon
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been based on epidemiologic studies, primarily of the risk of lung cancer among
nonsmoking women married to current smokers, and on supporting biological
evidence including the extensive data base on active smoking.

Combined Effect of Smoking and Radon as a Continued
Source of Controversy in Risk Assessment

Because of this predominant role of cigarette-smoking as a cause of lung
cancer, an understanding of the joint effect of smoking and radon exposure is
needed for assessing the risks of radon exposure for the general population,
which includes never-smokers, current smokers, and former smokers.  Incom-
plete understanding of the combined effect of these two carcinogens remains a
key uncertainty in assessing the risk of indoor radon, and the consequences of
synergism between radon and smoking in making quantitative risk estimates
have not been universally appreciated.  The underground miners who were par-
ticipants in the epidemiologic studies that are the basis for currently used risk
estimates were primarily smokers, and epidemiologic data from the miners’ stud-
ies have not provided a precise characterization of the lung-cancer risk arising
from radon exposure in never-smokers.  However, active cigarette smokers are
now a minority in the adult population of the United States (USDHHS 1989) and
risk estimates are needed for both smokers and never smokers.

This chapter addresses the joint effect of smoking and radon.  It begins by
describing trends of lung-cancer occurrence during the century and the implica-
tions of these trends for evaluating the role of indoor radon as a carcinogen.  The
chapter subsequently considers the numbers of cases of lung cancer in smokers
and never-smokers as risk projections have been made separately for these two
groups.  It then summarizes the evidence on the combined effect of smoking and
radon, drawing on in vitro systems, animal exposures, and epidemiologic studies
of miners and the general population.  The BEIR IV Report (NRC 1988) also
reviewed the evidence on the joint effect of smoking and radon in an appendix
chapter.  We begin with the conceptual basis for considering the combined effect
of smoking and radon.

Concepts of Combined Effects

The 1985 Report of the U.S. Surgeon General (USDHHS 1985) set out a
broad conceptual framework for considering the joint effect of cigarette-smoking
with an occupational agent.  The levels of potential interaction between the two
agents are broad, ranging from molecular to behavioral (Table C-1).  Some of the
points of interaction would impact exposure, others—the exposure-dose relation,
and others—the dose-response relation of radon progeny with lung-cancer risk.
The epidemiologic data do not provide evidence relevant to assessing each of
these potential points of intersection of radon-progeny exposure with cigarette-
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smoking.  At most, the information on smoking in the studies provides some
indication of elements of the smoking history, such as number of cigarettes
smoked and age of starting to smoke; at a minimum, there is information on
whether the participants had ever been regular cigarette smokers.  Analyses of the
epidemiologic data to characterize the joint effect of smoking and radon-progeny
exposure simplify the multiple mechanisms by which the two agents could inter-
act to a mathematical representation or model that typically includes a term for
smoking and a term for radon-progeny exposure and a term for their joint action
(NRC 1988); alternatively, data have been separately analyzed for ever-smokers
and never-smokers (Lubin and others 1994a).

The terminology and methods used to characterize the combined effects of
two or more agents have been poorly standardized with substantial blurring of
concepts derived from toxicology, biostatistics, and epidemiology (Mauderly
1993; Greenland 1993).  The terms “antagonism” and “synergism” refer to com-
bined effects less than or greater than the effect predicted by the sum of the
individual effects, respectively.  In assessing the presence of synergism or an-
tagonism, a model is assumed to predict the combined effect from the individual
effects; lacking sufficient biologic understanding to be certain of the most appro-
priate model, the choice is often driven by convention or convenience.

Epidemiologic Concepts

The effect of a risk factor for a disease may be considered as acting on an
absolute scale or on a relative scale.  In the absolute risk model, the risk (r(x)) of
disease associated with some factor (x) can be expressed in a simple linear
relationship as:

r(x) = r0 + βx (1)

TABLE C-1 Levels of interaction between smoking and radon

Exposure
• Work assignments of smokers and nonsmokers are different (for miners)
• Absenteeism rates differ for smokers and nonsmokers (for miners)

Exposure-Dose Relationships
• Differing patterns of physical activity and ventilation for smokers and nonsmokers
• Exposures of smokers and nonsmokers differ in activity-size distributions
• Differing patterns of lung deposition and clearance in smokers and nonsmokers
• Differing morphometry of target cells in smokers and nonsmokers

Carcinogenesis
• Alpha particles and tobacco smoke carcinogens act at the same or different steps in a

multistage carcinogenic process



Copyright © National Academy of Sciences. All rights reserved.

Health Effects of Exposure to Radon: BEIR VI
http://www.nap.edu/catalog/5499.html

TOBACCO-SMOKING AND ITS INTERACTION WITH RADON 227

while in a relative risk relationship, risk is given by:

r(x) = r0 (1 + βx) = r0 + r0βx (2)

where r0 is the background disease rate in the absence of exposure and β de-
scribes the increment in risk per unit increment in exposure to x.  Under a
relative risk characterization of disease rate, the impact of an exposure on dis-
ease risk, r0βx, depends on the background rate.  In the specific case of lung
cancer and radon, the background rate would incorporate the risk associated
with smoking, unless smoking-specific risks were considered.  In the absolute
risk model, the effect of exposure on disease risk, βx, does not depend on the
level of r0.  The selection of the risk model, absolute or relative, thus has sub-
stantial implications for interpreting the combined effects of two agents and
additionally for extending risks observed in one population to another popula-
tion which may not have comparable r0 because of differing patterns of risk
factors other than the exposure of interest.

The models can be readily extended to address the effects of multiple causes
of disease.  In the example of two exposures, x1 and x2 (for example, radon and
smoking), disease risk (r(x1,x2)) under a relative risk model is given by
Additive model:

r(x1,x2) = r0 + r0β1 x1 + r0β2 x2 (3)

Multiplicative model:

r(x1,x2) = r0 (1 + β1 x1)(1 + β2 x2) =
r0 + r0β1 x1 + r0β2 x2 + r0β1 x1β2 x2 =

r0 + r0β1 x1 + r0β2 x2(1 + β1 x1) (4)

Comparison of these two models makes clear the differing dependence of the
effect of x2 on r0 and x1.  In assessing the role of x2 on disease risk, a multiplica-
tive model implies that the effect of x2 on disease risk depends not only on r0 but
on the effect of x1.  In contrast, under the additive model, the effect of x2 depends
on r0 but not on the effect of x1.

In considering the combined effect of multiple causes of a disease, epidemi-
ologists use the term “effect modification” to refer to interdependence of the
effects of the agents (Last 1983).  Synergism and antagonism describe the net
consequence of the multiple risk factors in relation to the effect predicted by their
independent action.  Epidemiologists describe the effect of exposures in causing
disease as either a difference measure on an absolute scale or a ratio measure on
a relative scale (see Table C-2, for example).  Table C-2 provides a hypothetical
example for assessing combined effects of radon and smoking.  The assessed
lung-cancer rate (200 per 100,000) is compared to expectations under additive
and multiplicative combined effects.  The preference has been primarily for ratio
measures (for example, the relative risk which compares risk in the exposed to
risk in a referent group, typically the unexposed).
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Effect modification is considered to be present when the combined effect of
two or more variables is larger or smaller than the anticipated effect predicted by
the independent effects, based on the measure used (Greenland 1993).  Current
analytic approaches compare the combined effect to predictions based on either
additivity or multiplicativity of the individual effects.  A factor may be an effect
modifier under additivity and not an effect modifier under multiplicativity.  Epi-
demiologists have recognized that the appropriate scale for assessing the com-
bined effect depends on the intent of  the analysis (Rothman and others 1980).
For public health purposes, an effect greater than additive is considered as syner-
gism.  Biological mechanisms, if sufficiently understood may imply an alterna-
tive scale.

Although statistical methods have been developed for assessing effect modi-
fication, strict criteria for determining its presence have not been offered.  Statis-
tical significance alone is recognized to be an insufficient criterion (Greenland
1993).  Additionally, inadequate statistical power often limits the assessment of
effect modification (Greenland 1983).

Statistical Concepts

Statisticians have used the term “interaction” to refer to interdependence as
detected by a statistical approach or “model”.  Interaction, which is equivalent to
the epidemiologic concept of effect modification, has been typically assessed in a
regression framework using product terms of the risk factors of interest to test for
effect modification.  For example, interaction between two risk factors, x1 (for
example, smoking) and x2 (for example, radon exposure) could be assessed using
the following model:

r(x1, x2) = ro (1 + β1x1 + β2x2 + β3x1x2) (5)

TABLE C-2 Example of epidemiological data on smoking and radon
exposure in a hypothetical cohort study of underground miners

Average Annual Age-Adjusted Incidence Rate For Lung Cancer (per 100,000)

Radon-exposed

Yes No
Ever- Yes 200 100
Smoked No 30 10

On Absolute Scale:
200 > 100 + 30 – 10

On Multiplicative Scale:
200 < 30 × 100 – 10
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In this linear model, the product or interaction term, β3x1x2, estimates the
joint contribution of the two agents to the risk.  The model provides an estimate
of the value of β3 and a test of the statistical significance of β3 for the null
hypothesis: β3 = 0.  This modeling approach inherently assumes a mathematical
scale on which the interaction is characterized, the usual choices being additive or
multiplicative.  Most often, primarily because of computational convenience, the
multiplicative scale is used.  Alternative approaches for assessing interaction
have been described (Thomas 1981; Breslow and Storer 1985; Lubin and Gaffy
1988).  These choices more flexibly estimate the combined effects of risk factors
without imposing the rigidity of a particular scale.  Imprecision may also limit
estimates obtained from such modeling approaches.

Implications for Interpreting Risk Estimates

These general considerations underscore the complexity of characterizing
the joint effects of smoking and radon-progeny exposure using epidemiologic
data, whether from cohort studies of uranium miners or case-control studies in
the general population.  In addition, there is no direct link between the biologic
interaction of radon and smoking and the descriptive epidemiologic model.
Limitations posed by imprecision and bias from measurement error and con-
founding further complicate the evaluation of the joint effects of radon and
smoking.

Characterizing the Burden of Radon-Related Lung Cancer

In describing the burden of disease, epidemiologists use a quantity referred
to as the attributable risk (Rothman 1986).  The attributable risk indicates the
burden of disease that could be avoided if exposure to the agent of concern were
fully prevented.  One form of the attributable risk, the population attributable risk
(AR) describes the proportion of disease in a population associated with exposure
to an agent.  For a factor, x1, having associated relative risk RR1, AR is calculated
as below, where I and I0 are the disease rates in the population under current
conditions and after effects of exposure are eliminated, respectively, and P1 and
P0 are the probabilities of exposure and non-exposure, respectively:

AR(x)

(6)
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For diseases caused by multiple agents, the total burden of disease assessed
individually may exceed the observed number of cases or 100%.  For example, an
estimate of radon-attributable lung cancer cases can be conceptualized as includ-
ing those cases caused by radon in never smokers, those caused by radon in
smokers, and those caused by radon and smoking in smokers.  In the above
formula, the attributable risk figure for smoking includes those cases caused by
smoking alone and radon and smoking acting together; similarly, the attributable
risk figure for radon includes those cases caused by radon alone and radon acting
together with smoking.  Combining the attributable risk estimates for smoking
and radon counts the jointly determined cases twice.  This subtlety of the attrib-
utable risk statistic is not universally appreciated and there is widespread mis-
perception that the lung-cancer cases that could be caused by radon include only
the 10 to 15 percent not directly attributed to smoking.

For two factors, x1 and x2, it is true that the sum of the individual exposure-
specific AR estimates, AR(x1) and AR(x2), can exceed 100%.  However, when
evaluating two factors, these ARs are incorrectly determined by contamination of
the referent groups, that is, the subgroup of individuals with x1 = 0 includes
individuals with x2 = 0/1 and the subgroup of individuals with x2 = 0 includes
individuals with x1 =0/1.

For joint exposures to x1 and x2, AR is defined as:

AR x x
P RR P RR P RR

P RR P RR P RR
( , )

( ) ( ) ( )

( ) ( ) ( )
( ), , , , , ,

, , , , , ,
1 2
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The AR for two exposures, for example smoking and radon, is the sum of compo-
nents due to smoking in the absence of radon exposure, to radon exposure absent
smoking, that is, in never-smokers, and to the combined effect of radon exposure
and smoking.  AR(x1,x2), calculated with the above formula, cannot exceed 100%.

For a general exposure distribution f, for a casual factor x,

where RRx is the relative risk for exposure level x, relative to zero exposure.
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The formulae for AR given above, assumes complete elimination of the
exposure(s) from the population.  However, complete elimination of exposure
may not be practicable.  Suppose there is a single exposure and I* is the disease
rate in the population after exposure has been modified. The “effective” AR (ARE ),
the amount of the disease burden that can be eliminated by changing exposure
from distribution f to distribution g, is defined as:

For example, for residential radon exposure, assume that f is the radon distri-
bution in U.S. houses.  Then, based on the BEIR IV model, the AR is about 10%,
which represents the reduction of lung cancers that is estimated to be achievable
if radon were eliminated in all houses.  Complete elimination of radon is not
feasible, however.  If homes above 148 Bqm–3 (4 pCiL–1) were mitigated to
levels below this concentration, then the ARE would be about 3% (Lubin and
Boice 1989) .

LUNG CANCER IN THE GENERAL POPULATION

Trends of Lung-Cancer Occurrence Over the Century

For the United States, vital statistics document lung-cancer deaths from the
late 1930s (Table C-3).  These early mortality counts indicate less than 10,000

TABLE C-3 Numbers of lung-cancer deaths in the U.S.
for selected years

Year Male Female

1937a 5,244 1,784
1940a 7,002 2,088
1950b 13,981 3,162
1960b 31,257 5,163
1970c 52,801 12,367
1980c 75,535 28,309
1989c 89,052 48,089

aCancer of the respiratory system.
bICD 162 and 163.
cICD 162.
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deaths per year from lung cancer.  However, lung cancer mortality rates quickly
rose towards mid-century and by the 1940s, an epidemic of lung cancer was
evident among U.S. males (Figure C-1).  About 20 years later, a similarly sharp
rise was evident in women (Figure C-2).  These patterns of lung-cancer occur-
rence are consistent with patterns of smoking across the century (Figures C-3 and
C-4) (Burns 1994; USDHHS 1991).  Statistical models representing the relation-
ship between lung-cancer occurrence and indicators of cigarette-smoking in the
population confirm this visual impression (Samet 1995; USDHHS 1991).

The relative infrequency of  lung cancer early in the century, in comparison
with present rates, has been cited as evidence that indoor radon is not a significant
cause of lung cancer (Yalow 1995).  Proponents of this viewpoint argue that lung
cancer would have been a more prominent cause of death before the presently
dominant impact of cigarette-smoking, if the risks of indoor radon were in reality
as high as estimated in currently applied risk models.  Rates earlier in the century,
particularly for women, have also been cited as indicative of the maximum num-
ber of lung-cancer cases that indoor radon might have caused, assuming that
other causes of lung cancer had little impact (Yalow 1995).  Similarly, rates of
lung cancer in population groups considered to be largely never-smokers, such as
Mormons, have also been considered to provide bounds for the numbers of
lung-cancer cases caused by indoor radon (Yalow 1995).  For example, Mormon

FIGURE C-1 Age-adjusted lung-cancer death rates for males.  United States
1930-1986; adjusted to the age distribution of the 1970 population.
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FIGURE C-2 Age-adjusted lung-cancer death rates for females; United States
1930-1986; adjusted to the age distribution of the 1970 U.S. Census population.

women in Utah had an annual lung-cancer incidence rate of approximately 4 per
100,000 for 1967-1975 (Lyon and others 1980).

The early lung-cancer counts and rates need to be interpreted with caution.
There have been substantial changes in approaches to the diagnosis and manage-
ment of lung cancer across the century that would be expected to impact on the
apparent occurrence of this malignancy (Gilliland and Samet 1994).  These
changes include the evolution of diagnostic techniques, from reliance on tissue
specimens obtained at surgery or autopsy to the less invasive techniques of
fiberoptic bronchoscopy and needle aspiration and the non-invasive approach of
sputum cytology.  Improved imaging techniques, such as CT scanning, have
sharpened the diagnosis of lung cancer as well.  Finally, increasingly aggressive
approaches to surgical removal of lung cancer have been introduced and improv-
ing post-operative care has extended the age range of patients undergoing surgery
for diagnosis and management (Gilliland and Samet 1994).  Additionally, earlier
in the century, when tuberculosis was one of the most common causes of death,
lung cancer may have been more often misdiagnosed as tuberculosis, absent
tissue confirmation.

Thus, it is likely that lung-cancer statistics from earlier in the century under-
estimate the occurrence of lung cancer, as diagnosed with present techniques.
Doll and Peto (1981) have argued that cancer mortality rates in persons under age
65 years of age are the most valid indicator of trends of cancer occurrence in
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FIGURE C-3 White male smoking prevalence by year for 5-year birth cohorts;
(a) 1900-1934; (b) 1934-1964.

populations because the intensity of diagnostic efforts would be most consistent
in this younger age range.  Analyses of data from the Surveillance, Epidemiology
and End Results (SEER) Program of the National Cancer Institute indicate in-
creasing histologic diagnoses of lung cancer in the elderly across the decades of
the 1970s and 1980s and less reliance in making the diagnosis on a clinical basis
alone (Gilliland and Samet 1994).
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These early figures on the occurrence of lung cancer were carefully scruti-
nized as the rising lung-cancer mortality was first identified and biases that may
have artefactually increased lung-cancer mortality were considered (see, for ex-
ample, Heady and Kennaway 1949; Macklin 1942; Fried 1931).  These authors
commented on the difficulty of making the diagnosis and the high-error rates of
clinicians.  A number of studies have been conducted across the century on the
validity of death-certificate statements concerning cause of death in comparison
to the medical record (Doll and Peto 1981), some of these studies have included
information on certification of deaths as due to lung cancer.  Anderson and

FIGURE C-4 White female smoking prevalence by year for 5-year birth co-
horts; (a) 1900-1934; (b) 1934-1964.
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colleagues (1989) reviewed the findings of five studies that provided information
on the validity of clinical diagnoses of lung cancer (Table C-4).  Surprisingly, the
data did not indicate a trend of improving sensitivity and specificity across the
period of the studies which extended from the 1940s through the 1970s.  On the
other hand, the studies provided little insight into the gains in validity anticipated
with contemporary diagnostic methods such as fiberoptic bronchoscopy and CT
scanning which have only been used during the last 20 years.

Others have documented lesser accuracy of lung-cancer diagnoses in the
past.  In autopsied cases at Los Angeles County General Hospital, 1933-1937, the
diagnosis of lung cancer was incorrect in 28% of cases (Swartout and Webster
1940).  For cases diagnosed at autopsy at Boston City Hospital, 1955-1965,
incorrect diagnoses were reported for 49.1 % of cases (Bauer and Robbins 1972).

In view of the limitations of lung-cancer diagnoses before the advent of
modern approaches, mortality rates from the early decades of the century, when
tobacco-smoking had little impact on lung-cancer incidence, should be interpreted
with caution.  The extent of underdiagnosis, particularly among the elderly, is
uncertain.  Nevertheless, assuming that lung cancer was not underdiagnosed, the
rates from the early decades of the century could be considered as an upper bound
for the cases of lung cancer attributable to radon, absent contributions from other
causes.  Rates in never-smokers, such as the Mormon women, could be similarly
interpreted.

This interpretation, however, is inconsistent with the understanding gained
from the miner studies that radon exposure proportionally increases lung-cancer
occurrence beyond background.  For example, an overall lung-cancer mortality
rate of 4 per 100,000 could arise from a relative risk of radon of 1.2 (assuming a
binary exposure defined by the median) and a “radon-free” background rate of
3.6 per 100,000; the background rate would be 3.3 per 100,000 if the radon-
associated relative risk were 1.5.  Thus, lacking information on the determinants
of background lung-cancer mortality rates earlier in the century, the rates can be
interpreted only on the implausible assumption that there were no risk factors for
lung cancer other than radon.

Lung-Cancer Rates in Never-Smokers

Only limited information on lung-cancer occurrence in never-smokers is
available as calculation of either incidence or mortality rates requires an estimate
of the population of never-smokers at risk for lung cancer during some time
interval (the denominator of a rate) and a count of the numbers of cases of lung
cancer in never-smokers during the time period of interest (the numerator of a
rate).  The requisite data are not available from routine vital statistics and lung-
cancer mortality rates in never-smokers have been primarily obtained by follow-
up of large groups of persons participating in epidemiologic studies.  Rates from
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groups like Mormons and certain Native American tribes can also be interpreted
as providing an indication of lung-cancer occurrence among never-smokers.

The two large, longitudinal or cohort studies conducted by the American
Cancer Society have provided mortality rates from lung cancer and other diseases
in never-smokers.  The populations in both of these studies, numbering about one
million in each, were enrolled by American Cancer Society volunteers who iden-
tified the participants, obtained information on smoking and other risk factors for
cancer, and periodically determined the vital status of the enrollees (USDHHS
1996).  Participants in the first study, now referred to as Cancer Prevention Study
I (CPS I), were followed between 1960 and 1972; participants in the second, CPS
II, were enrolled in 1980 and follow-up continues.  Lung-cancer rates for never
smokers are shown in Table C-5 from the CPS I and CPS II studies.  These rates
should be interpreted with awareness of the relatively small numbers of lung-
cancer deaths in specific strata of age and sex, in spite of the large number of
participants in studies overall.  With this constraint, several patterns are evident:
the rates increase with age in both sexes and rates for men tend to be higher than
for women.  In older males, rates are somewhat higher in CPS II; a similar pattern
is evident among older women.  Ignoring competing causes of death, these mor-
tality rates can be used to estimate a risk of lung-cancer death up to age 85 years
of about one percent in men and 0.5 percent in women.

Rates for never-smokers have also been reported from the study of U.S. male
veterans, originally started by Rogot and Murray (1980) (Table C-6) and from
other studies (Samet 1988; Enstrom 1979).  Rates in Mormon women (Lyon and
others 1980) and southwestern Native American tribes (Wiggins and Becker
1993; Lyon and others 1980) with only a small proportion of smokers are similar
to the rates in never-smokers from these cohort studies.

TABLE C-5 Lung-cancer rates per 100,000 in never-smokers (ACS CPS I
and CPS II studies)

Female Male

Age CPS I CPS II CPS I CPS II

30- — — — —
35- — — — —
40- 4.0 — 0.7 —
45- 6.0 6.0 4.3 1.9
50- 5.7 5.5 5.1 5.8
55- 13.6 5.3 6.2 7.2
60- 21.0 11.6 12.0 12.3
65- 23.1 21.5 13.4 16.7
70- 29.7 34.9 15.9 30.5
75- 31.0 52.0 24.9 32.5
80- 67.5 89.2 43.4 57.6
85+ 35.3 86.8 35.9 60.6
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The Risks of Cigarette-Smoking

The lung-cancer mortality rates observed in never-smokers are markedly
increased by cigarette smoking (Figures C-5 and C-6).  Figures C-5 and C-6
provide the age-specific mortality rates in the two cohort studies conducted by
the American Cancer Society for reported never-smokers and current-smokers on
enrollment (Thun and others 1997).  At all ages, current-smokers have markedly
higher rates.  Increases in mortality rates among smokers of both sexes are also
evident, comparing the CPS II with CPS I.  The extent of the increase varies
strongly with number of cigarettes smoked daily and duration of cigarette-smok-
ing (Table C-7).  Cigarette-smoking increases the risk for each of the principal
histologic types of lung cancer:  squamous cell carcinoma, small cell carcinoma,
adenocarcinoma, and large cell carcinoma (Wu-Williams and Samet 1994).  A
synergistic pattern of effect modification between radon and cigarette-smoking
implies that the already high risks of lung cancer in cigarette smokers are aug-
mented more than additively by the additional risk imposed by exposure to in-
door radon.

Lung-Cancer Numbers in Never-Smokers and Ever-Smokers

The total number of lung-cancer cases occurring annually in the United
States can be estimated using the population-based incidence rates available from
the SEER Program or from the number of deaths with lung cancer listed as the
underlying cause.  Estimates from incidence would only slightly exceed those
based on mortality because of the high case-fatality rate of lung cancer.  For
1994, these estimates were 172,000 for incidence and 153,000 for mortality
(USDHHS 1995).

The Office on Smoking and Health of the Centers for Disease Control and
Prevention annually reports estimates of the numbers of deaths from lung cancer

TABLE C-6 Lung cancer mortality rates (per 100,000) among never-smokers
in the study of U.S. veterans

Age 1955-1959 1960-1964 1965-1969

40 - 44 – – (103.5)
45 - 49 – – (80.6)
50 - 54 – – –
55 - 59 (12.0) – –
60 - 64 11.2 – (48.0)
65 - 69 25.1 (10.7) 43.5
70 - 74 139.9 16.9 38.2
75 - 79 39.9 40.5 47.2
80 - 84 (37.8) (15.0) (20.6)
85 - 89 – (200.6) –
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FIGURE C-5 Death rates for men from lung cancer by age and smoking status,
CPS-I and CPS-II.

FIGURE C-6 Death rates for women from lung cancer by age and smoking
status, CPS-I and CPS-II.
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and other diseases attributable to cigarette-smoking.  These estimates are based
on an attributable risk approach, implemented with the Smoking-Attributable
Mortality, Morbidity, and Economic Cost (SAMMEC) software (SAMMEC
1992).  SAMMEC applies attributable risk formulas to mortality data.  For ex-
ample, for 1990, 418,690 deaths in the U.S. were attributed to smoking, of which
116,920 were due to lung cancer (SAMMEC 1992).  For lung cancer, the relative
risk values assumed, versus never-smokers, are 22.4 and 9.4 for male current and
former smokers, respectively, and 11.9 and 4.7 for females.  These relative risk
estimates were derived from the Cancer Prevention Study (CPS) II conducted by
the American Cancer Society.  They translate into attributable risk estimates of
approximately 90% for males and somewhat less for females.

These attributable risk figures estimate the numbers of lung-cancer deaths
due to smoking and not the actual number among ever-smokers, which is some-
what higher, as all cases among ever-smokers are not attributed to smoking.  In
recent population-based case-control studies, approximately 5 to 10% of cases
have been in never-smokers (Table C-8).  Using an estimate of approximately
160,000 lung-cancer deaths from 1995, the number of cases in never-smokers is
estimated to range from about 8,000 to 16,000.  In the analysis of attributable risk
of lung cancer due to radon, 85% of the 149,000 lung cancer deaths in 1993 were
assumed to have occurred in current or former smokers; the complementary
figure for never-smokers, 15%, appears too high in view of the data from the
case-control studies.

EXPERIMENTAL MODELS

In Vivo Approaches

The report of the BEIR IV committee (NRC 1988) reviewed the animal
studies that included exposure to both radon progeny and cigarette smoke.  The
relevant studies included the experiments involving rats conducted by the
Compagnie Generale des Matieres Nucleaires (COGEMA) in France and the
experiments involving dogs conducted by Pacific Northwest Laboratory (PNL)
in the United States.  In summarizing the evidence, the report noted that the

TABLE C-7 Standardized mortality ratios for lung cancer in women
participants in CPS IIa

Duration Of Smoking Cigarettes Per Day

(In Years) 1-10 11-19 20 21-30 31+

21 - 30 2.9 6.7 13.6 18.4 18.9
31 - 40 7.9 19.2 19.2 26.5 25.3
41 - 70 10.0 17.0 25.1 34.3 38.8

aSource: Garfinkel and Stellman (1988).
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COGEMA experiments showed synergism if the exposure to cigarette smoke
followed the exposure to radon progeny; synergism was not found if the smoke
exposure preceded the radon-progeny exposure.  In the PNL experiments, lung-
tumor incidence was decreased when the animals were exposed to radon progeny
and cigarette smoke simultaneously.

Since the BEIR IV Report, there have been several additional reports from
the COGEMA and PNL groups (Monchaux and others 1994; Cross and others
1995).  Cross has reviewed the newer studies (Cross 1994a,b; Cross and others
1995).  The PNL group conducted initiation-promotion-initiation experiments
with cigarette smoke and radon exposure (Cross and others 1995).  These experi-
ments involved various sequences of exposure to smoking and radon progeny as
well as splitting the dose of radon progeny.  Only preliminary findings have been
reported to date and the findings are not yet available for lung tumors (Cross and
others 1995).  The findings of the COGEMA studies have been summarized
recently (Table C-9) (Anonymous 1993; Marchaux and others 1994).  The extent
to which lung-cancer incidence was increased by cigarette-smoke exposure fol-
lowing radon exposure was shown to depend on the duration of exposure to
smoke.  Decreasing duration was associated with decreasing number of lung-
cancer cases.

TABLE C-8 Proportion of lung cancer in never-smokers:  selected U.S. case-
control studies

Percent
Never-

Reference Location Years Sex N Smokers

Wynder and Graham, United States; 1948-49 (?) M 605 1.3
1950 Various

Wynder and others United States; 1953-55 F 47 57.4
1956 Various

Haenszel and others United States; 1955-57 F 157 48.4
1958 Various

Wynder and others United States; 1966-69 M 270 3.3
1970 Various

Stayner and Weyman United States; 1969-71 M 420 13.8
1983 Various

Samet and others New Mexico 1980-82 M 356 2.5
1988 F 232 8.6

Wu and others 1985 Los Angeles 1981-82 F 220 14.1
Schoenberg and others New Jersey 1982-83 F 994 10.0

1989
Ives and others 1988 Houston 1977-80 F 259 4.6
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In spite of long-term research by two groups of investigators, the animal
experiments on smoking and radon progeny do not supply strong evidence on the
combined effects of the two exposures.  The findings are inconsistent and depen-
dent on the sequence of exposures.  In the residential setting, exposure to smok-
ing and to radon progeny occur essentially simultaneously throughout adulthood.
Among the miners, smoking and radon exposure may take place simultaneously
or radon exposure may begin before or after smoking has been started (Thomas
and others 1994).  The unique pattern of smoking by people, which has not been
replicated in the animal experiments, is an additional barrier in extending the
findings of the animal studies to humans.

TABLE C-9 Incidence of lung carcinomas after combined exposure to radon
and tobacco smoke according to the cumulative dose of radon and its progeny
and to the cumulative exposure to tobacco smokea

Number Proportion
Number of Lung (%) of Lung
of Rats Carcinomas Carcinomas

Radon exposure only (40 WLMb) 21 1 5

Tobacco smoke (350 hr) after radon exposure
(40 WLM) 27 1 3.5

Radon exposure only (200 WLM) 63 7 11

Tobacco smoke (350 hr) after radon exposure
(200 WLM) 75 16 21

Radon exposure only (1600 WLM) 208 81 39

Tobacco smoke (350 hr) after radon exposure
(1600 WLM) 138 106 77

Radon exposure only (1600 WLM) 30 7 23

Tobacco smoke (100 hr) after radon exposure
(1600 WLM) 35 11 31

Radon exposure only (1600 WLM) 74 22 30

Tobacco smoke (60 hr) after radon exposure
(1600 WLM) 64 19 30

Radon exposure only (1600 WLM) 30 7 23

Tobacco smoke (30 hr) after radon exposure
(1600 WLM) 35 1 3

aFrom Marchaux and others 1994, Table 2.
bWLM, working-level-month.
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EPIDEMIOLOGIC APPROACHES

Case-Control Studies in the General Population

The combined effect of radon and smoking can be assessed with data ob-
tained using the case-control approach in the general population.  However, such
studies have been shown to have extremely limited power for distinguishing
alternative patterns of interaction of potential interest, from both the biologic and
public health perspectives (Thomas and others 1994; Lubin and others 1995c).
Nevertheless, reports of several studies provide information on the combined
effect of the two agents (Table C-10).  Methods for assessing exposure to radon
have varied among these studies with two using residential construction as a
surrogate (Svensson and others 1989, Axelson and others 1988) and the remain-
der using measurements of radon concentration (Alavanja and others 1994;
Pershagen and others 1994; Ruosteenoja 1991; Schoenberg and others 1990; Blot
and others 1990).  The analytic approach for assessing the combined effect of
radon and smoking has also varied among the studies.  Sample size limits inter-
pretation of all of the studies and none of the individual studies have the number

TABLE C-10 Case-control studies of the combined effect of smoking and
radon

Total Cases/
Study Total Never-

Reference Location/Years Smoking Cases Findings

Axelson and others, Sweden/1960-81 177 Increased risk for non
1998 15 and occasional

smokers vs. regular
smokers in rural areas

Svensson and others, Sweden/1983-85 210 Greater risk for smokers
1989 35 vs. never-smokers

Blot and others, China/1985-87 308 Nonsignificantly greater
1990 123 risk in smokers

(p = 0.15)
Schoenberg and others, New Jersey/1982-83 433 Exposure response

1990 61 strongest in light
smokers; inverse in
heaviest smokers

Ruosteenoja, 1991 Finland/1980-85 238 No pattern comparing
1991 4 lighter with heavier

smokers
Pershagen and others, Sweden/1980-84 1,360 Higher excess relative

1994 178 risk in current
smokers vs. never-
smokers.  Additivity
rejected by data
(p = 0.02)
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of participants needed to distinguish additive from multiplicative patterns of
combined effects.

The findings of the studies are seemingly inconsistent with regard to the
combined effect of smoking and radon.  However, it is unlikely that there is
significant heterogeneity among the studies, but direct comparison cannot be
made because of the varying analytic methods.  Data from the largest study, the
Swedish study reported by Pershagen and others (1994) were not consistent with
additivity when smoking and radon were considered as continuous variables.  In
this study, excess relative risk estimates per unit of radon exposure were greater
for current smokers of less than 10 cigarettes per day (0.16 per 100 Bqm–3) and
10 or more cigarettes per day (0.19 per 100 Bqm–3) in comparison with never-
smokers (0.07 per 100 Bqm–3).  However, neither the 0.16 or the 0.19 were
statistically found to be significantly different from the 0.07.

Epidemiologic Studies of Underground Miners

Studies of underground miners have been the principal source of epidemio-
logic information on the combined effect of smoking and radon.  These studies
have been limited for characterizing the joint effect of the two agents by the
extent of the data available on the smoking habits of the miners, with some
studies having no information and others having information obtained through
surveys or at the time of medical examinations (Table C-11).  Documentation of
cigarette-smoking was also limited to the time of employment in most of these
studies.  To extend the smoking information across the entire time of smoking,
case-control approaches have been used in studies of the Beaverlodge uranium
miners (L’Abbe and others 1991) and Yunnan tin miners (Yao and others 1994).
A separate cohort study of a group of 773 Ontario miners was recently reported
(Finkelstein and Kusiak 1995); the analysis was limited by the small number of
lung-cancer cases (N = 42) that occurred over the 18-year follow-up.

The report of the BEIR IV committee comprehensively reviewed the informa-
tion on the combined effect of smoking and radon progeny in appendix VII.  Since
the publication of this report, the findings of several individual studies have been
published that provide information on the combined effect of smoking and radon
exposures; the study populations include Ontario uranium miners (Finkelstein and
Kusiak 1995; L’Abbe and others 1991), New Mexico uranium miners (Samet and
others 1991), and Chinese tin miners (Yao and others 1994; Qiao and others 1989).
Additional analyses of data from the Colorado Plateau miners have also been
reported: Moolgavkar and others (1993) applied a two-mutation model of carcino-
genesis to these data and Thomas and others (1994) addressed the effect of the
sequence in which exposures to radiation and smoking occurred (see below).  The
findings of the two-stage model did not indicate interaction between smoking and
radon on the first- and second-stage mutation rates or on the rate of proliferation of
initiated cells (see also Thomas and others 1993).
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The report of the pooled analysis of data from the studies of underground
miners (Lubin and others 1994a) included analyses of the combined effects of
smoking and radon within six of the cohorts individually along with combined
analyses of the six data sets.  Reports from the individual studies had also
addressed the joint effects of smoking and radon but analytic approaches varied
among the studies (Xuan and others 1993; Samet and others 1991; Hornung and
Meinhardt 1987; Radford and St Clair Renard 1984).  A uniform analytic strategy
was applied to each of the data sets that compared additive and multiplicative
models to a model fully parameterized in smoking and radon-progeny exposure.
A geometric mixture model was also fit to the data and the maximum likelihood
estimate of the mixing parameter, λ, was obtained.  If  λ = 1, the data are
consistent with a multiplicative interaction while an estimate that λ = 0 indicates
an additive interaction; values less than zero indicate subadditivity while values
greater than unity imply supra-multiplicativity.  The findings are reported in
Table C-12.

Of the individual studies, only the studies of the Chinese tin miners and of
the Colorado Plateau uranium miners have sufficient cases to provide insights
into the pattern of interaction.  The findings of the two studies were discrepant,
with the Chinese data not fitting either the additive or the multiplicative model
while the Colorado data were consistent with the multiplicative model.  As in
previous analyses, the estimate of λ for the Colorado Plateau data indicated a
submultiplicative interaction (Hornung and Meinhardt 1987; NRC 1988).  The
maximum likelihood fit for λ to the Chinese cohort data suggested a sub-additive
interaction or antagonism.

The six cohorts considered in the joint analysis included 2,798 workers with
a history of never smoking; these men had experienced 64 lung-cancer cases
during 50,493 person-years of follow-up.  Risk increased with cumulative expo-
sure to radon progeny (Table C-13).  The estimate of excess relative risk (ERR)

TABLE C-12 Analyses of the combined effect of smoking and radon progeny
exposure in six studies of underground minersa

p-value Mixture

Study Multiplicative Additive λ p-valueb

Chinese tin miners 0.02 0.08 –0.3 0.39
Colorado uranium miners 0.58 0.04 0.7 0.49
Newfoundland fluorospan miners 0.53 0.67 –0.1 0.85
New Mexico uranium miners 0.15 0.11 0.4 0.16
Radium Hill uranium minersc — — — —
Swedish iron miners 0.43 0.31 0.3 0.38

aBased on Tables 17a, 18a, 19a, 20a, and 21a in Lubin and others, 1994a.
bRefers to fit of mixture model versus full model.
cInsufficient numbers for modeling.
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per WLM was higher for never-smokers (ERR/WLM%=1.03, 95% CI 0.2%,
5.7%) than for smokers (ERR/WLM%=0.34, 95% CI 0.08%, 1.7%).  This pattern
is consistent with a sub-multiplicative interaction.

Further evidence on smoking and radon-progeny exposure in the Chinese tin
miners has recently been reported from a population-based case-control study
conducted by Yao and colleagues (Yao and others 1994) in Gejiu City, the site of
the Yunnan Tin Corporation.  This study included 460 cases, of whom 368 had
been miners, and 1,043 controls.  Tobacco is smoked by study participants as
cigarettes or using water pipes or Chinese long-stem pipes; a mixed pattern of
smoking was most common.  In contrast to the cohort analysis of the Yunnan tin
miners reported by Lubin and others (1994a), the case-control data were consis-
tent with a multiplicative model, although the best-fitting model was intermediate
between additive and multiplicative.

The joint effect of smoking and radon-progeny exposure could plausibly
vary with the sequence of the two exposures.  Thomas and others (1994) analyzed
the Colorado Plateau data using a case-control approach to assess temporal modi-
fication of the radon progeny-smoking interaction.  They characterized the tem-
poral sequence of the two exposures as simultaneous, radon before smoking, and
radon following smoking.  The temporal sequence of the two exposures was a
strong modifier of the interaction.  Radon followed by smoking was associated
with an essentially additive effect, while smoking followed by radon was associ-
ated with a more than multiplicative effect on a relative risk scale.  Thomas and
colleagues interpreted this finding as suggesting that smoking could act to pro-
mote radon-initiated cells.  By contrast, in the case-control study conducted by
Yao and others (1994) relative risk estimates were highest for those with overlap-
ping exposures to smoking and radon.

TABLE C-13 Lung-cancer mortality rates and relative risks by cumulative
WLM using data from all cohorts on 2,620 workers who never smoked

Cumulative WLM

<100 100-399 400-799 800-1599 1600 Total

Cases 6 11 25 13 9 64
Person-years 29,142 12,193 4,816 2,967 1,375 50,493
Mean WLM 22.0 213.5 556.0 1,153 2,332 248.5
Rate x 1000 0.2 0.9 5.2 4.4 6.5 1.3
RRa 1.00 2.08 10.9 10.8 23.8
95% CI 0.7 - 6.3 3.5 - 33.9 3.3 - 35.8 6.6 - 86.2

aRRs adjusted for cohort, previous occupational exposure, and attained age.  Overall (ERR/WLM)%
was 1.03 with 95% CI (0.2%, 5.7%); among smokers (ERR/WLM)% was 0.34 with 95% CI
(0.08%, 1.7%).
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Populations Exposed to Low-LET Radiation

The combined effect of smoking and radiation exposure has been assessed in
only a few populations exposed to low-LET radiation.  These populations include
the atomic-bomb survivors (Kopecky and others 1988; Prentice and others 1983),
persons receiving therapeutic irradiation for breast cancer (Van Leeuwen and
others 1995; Neugut and Murray 1994; Kaldor and others 1992), and workers
with mixed exposure to external gamma radiation and internal emitters (Petersen
and others 1990).  The relevance of findings in populations exposed to low-LET
radiation is uncertain for alpha radiation from radon progeny.  Small sample size
further constrains interpretation of the individual studies.

Of the cancers associated with radiation exposure in the atomic-bomb survi-
vors, the relative risks for lung cancer are among the highest (Mabuchi and others
1992).  A series of studies conducted by the Radiation Effects Research Founda-
tion have explored the effect of smoking on lung cancer in the atomic-bomb
survivors.  Kopecky and others (1988) reported an analysis of the combined
effects of smoking and radiation in a selected cohort with information available
on smoking.  A total of 351 cases occurred in a cohort of 29,332 exposed survi-
vors.  Poisson regression models were used to assess the effects of radiation
exposure, using the T65 dosimetry, and smoking, with control for other factors
including age at the time of the bombing.  Using an additive model for the excess
relative risk, Kopecky and others (1988) found that  both radiation exposure and
cigarette-smoking were determinants of lung-cancer risk; an interaction term for
the two exposures was not statistically significant (p = 0.72).  While Kopecky and
others (1988) expressed a preference for the additive model based on these analy-
ses, further analyses by the BEIR IV committee (NRC 1988) showed that the data
were equally compatible with a multiplicative model.

Kopecky and others (1988) also explored the risk of radiation for the three
principal histologic types of lung cancer in the study: adenocarcinoma, epider-
moid carcinoma, and small cell carcinoma.  Histologic classification was based
on review of available materials.  The excess relative risk was greatest for small
cell carcinoma but the heterogeneity of radiation risk among the three histologic
types was not statistically significant.  Other recent investigations of lung cancer
in the atomic-bomb survivors have addressed histologic patterns of lung cancer
(Land and others 1993) and p53 mutations (Takeshima and others 1993) (see
below).

Two studies have examined modification by cigarette-smoking of the risk
of lung cancer following therapeutic irradiation.  One of the studies involved
follow-up of persons receiving radiation therapy for Hodgkin’s disease and the
other, persons treated for breast cancer.  Another study examined risk of lung
cancer in survivors of Hodgkin’s disease in relation to radiation and smoking but
the combined effect of the two agents was not considered (Kaldor and others
1992).
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Neugat and Murray (1994) conducted a case-control study of Connecticut
women with a second primary cancer following an initial diagnosis of breast
cancer.  The cases (N = 94) were women with lung cancer as the second primary
whereas the controls (N = 598) had a second malignancy of a type not associated
with smoking or radiation.  The pattern of the increased risk associated with both
smoking and radiation therapy for the initial breast cancer was consistent with a
multiplicative interaction; however, the consistency of the data with different
models was not formally assessed.

Van Leeuwen and others (1995) used a nested case-control design to assess
lung-cancer risk in relation to radiation and smoking in a cohort of 1939 patients
who had received treatment for Hodgkin’s disease in The Netherlands.  The 30
cases occurring during an 18-year follow-up were matched to 82 controls.  Ra-
diation doses to the region of the lung where the case developed cancer were
estimated and information on smoking was obtained from multiple sources.
There was a significantly greater increase in risk among smokers in relation to
estimated radiation dose than among nonsmokers.  However, in reviewing the
findings, Boivin (1995) showed that the pattern of combined effects was consis-
tent with additivity of the excess relative risks.  This study is limited by the
small number of lung-cancer cases and by the potential modifying effects of
chemotherapy.

“Signatures” of Radon-Progeny Exposure and Cigarette-Smoking

If the characteristics of lung cancers caused by radon progeny and cigarette-
smoking were distinct, having specific “signatures”, lung cancers could be sepa-
rated by cause on this basis.  Histologic type of lung cancer has been assessed in
underground miners and in the general population as a potential indicator of the
responsible causal agent (Churg 1994; NRC 1988).  More recently, molecular
markers of genetic change have also been examined as potential signatures (NRC
1994a).

Histologic type of lung cancer has not proven to be an indicator of the causes
of lung cancer in the general population.  Cigarette-smoking increases risk for
each of the principal histologic types of lung cancer, although the exposure-
response relationships differ among the types (Wu-Williams and Samet 1994);
risks of small-cell and squamous-cell carcinoma rise most steeply with smoking.
Adenocarcinoma predominates in never-smokers (Churg 1994).  There is an
unexplained trend of increasing adenocarcinoma in the United States and other
countries over the last 20 years (Gilliland and Samet 1994).

Histologic type of lung cancer has also not proven to be a definitive indicator
of lung cancer caused by radon progeny in underground miners exposed to radon
(Churg 1994; NRC 1988).  An appendix to the BEIR IV report provides an
extensive review of the evidence published through approximately 1987.  Early
reports indicated a predominance of small-cell lung cancer in underground ura-
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nium miners in the Colorado Plateau, but later analyses showed that the risk of
each type rose with level of radon exposure and on follow-up the proportion of
small-cell lung cancer declined over time to the level observed in the general
population (Saccomanno and others 1988).  Other groups of miners studied cross-
sectionally have shown a higher proportion of small-cell lung cancer than ob-
served in the general population (NRC 1988), although squamous-cell carcinoma
predominated in the Yunnan tin miners (Yao and others 1994).  In the Yunnan tin
miners, the dose-response relationship was steeper for small-cell carcinoma and
adenocarcinoma, in comparison with squamous-cell carcinoma.

Land and colleagues (1993) compared the histopathology of lung-cancer
cases in uranium miners (N = 92) and survivors of the atomic bombings of
Hiroshima and Nagasaki (N = 108) and assessed the distributions of histopathol-
ogy in relation to radiation exposures of the two groups.  In both populations,
radiation-associated lung cancers were more likely to be small-cell lung cancer
and less likely to be adenocarcinoma.  While there is evidence of increased small-
cell lung cancer in miners exposed to radon progeny, the temporal pattern of
histopathology is variable and there is no basis for using the distribution of lung-
cancer histologic type in the general population to estimate the numbers of lung-
cancer cases caused by radon.

The search for signatures has now moved to the level of genetic change
(NRC 1994a).  As reviewed elsewhere in this report, molecular and cellular
markers are under active investigation, but specific changes indicating that a
cancer has been caused by radon have not yet been identified.

Previous Risk Models

As discussed above, in using a model to estimate the numbers of radon-
attributable lung-cancer cases, an assumption is needed as to the pattern of com-
bined effects of smoking and radon.  In most, but not all, risk assessments, a
multiplicative pattern of interaction between smoking and indoor radon has been
assumed.  The BEIR IV model assumed that the combined effect of the two
agents was multiplicative, although the committee acknowledged the uncertainty
of this assumption.  The strongest evidence available to the committee was pro-
vided by the Colorado Plateau study.  The most extensive analysis, that published
by Whittemore and McMillan (1983), found that the data were not consistent
with an additive model but were fit by a multiplicative model.  A subsequent
analysis by Hornung and Meinhardt (1987) and the BEIR IV committee’s analysis
found that a submultiplicative interaction was most consistent with the data from
the Colorado Plateau cohort, although the data were consistent with a multiplica-
tive interaction.

Both additive and multiplicative models had been published before the BEIR
IV Report.  The model developed by the National Council for Radiation Protec-
tion and Measurements (1984) was a modified 2-parameter additive model with
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the important modification being a term for reduction in risk with time since
exposure.  Publication 50 of the International Commission for Radiological Pro-
tection (1987) describes a multiplicative model, as does Publication 65, pub-
lished in 1993.  The Commission assumed a multiplicative projection model
because such models were assumed “. . . to be more representative of the time
distribution of the excess risk,” while acknowledging the inconsistency of the
evidence from the miners.  The U.S. Environmental Protection Agency (1992b)
also assumes a multiplicative interaction in making its risk projections.

Passive Smoking and Lung Cancer

Because passive smoking is also a cause of lung cancer, there has also been
interest in the combined effect of passive smoking and radon exposure on lung-
cancer risk (Samet 1989).  Interaction between passive smoking and lung cancer
could occur at several levels.  Smoking adds particulate matter to the air of a
room, thereby increasing the attached fraction and concentration of radon prog-
eny because plateout of unattached progeny onto surfaces is reduced.  Tobacco
smoke has been shown to increase radon progeny level but the reduction of the
unattached fraction by tobacco smoke would be anticipated to reduce the dose to
target cells.

The 1991 report of the National Research Council (NRC 1991) addressed the
effect of passive smoking on dose of delivered alpha energy.  The modeling
compared delivered doses under average circumstances of smoking (unattached
fraction of 0.03) and during the circumstance of exposure to average smoking
passively (unattached fraction of 0.01).  The aerosol generated by smoking was
considered to have a larger aerodynamic diameter compared with that normally
present (0.25 versus 0.15 µm).  Smoking was projected to reduce the dose.  In the
extreme circumstance of the aerosol generated at the time of active smoking, the
projected exposure-dose coefficient was only half that under normal conditions.
There has not yet been formal epidemiologic investigation of the combined effect
of passive smoking and radon and statistical power for assessing the joint effect
would be anticipated to be extremely limited.

CONCLUSIONS: IMPLICATIONS FOR THE BEIR VI REPORT

Tobacco-smoking, primarily in the form of smoking manufactured and hand-
rolled tobacco, is the cause of most lung-cancer cases in the United States and
many other developed countries.  The trends of lung-cancer occurrence across the
century are largely reflective of smoking patterns.  Consequently, any risk assess-
ment for indoor radon needs to address the effect of radon on never-smokers and
ever-smokers of tobacco.  The evidence from the epidemiologic studies of under-
ground miners shows differing patterns of effect of radon-progeny exposure on
never-smokers and ever-smokers.  Although the data are not sufficiently abun-
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dant to describe this effect modification in great detail, the data indicate syner-
gism between the two agents that is most consistent statistically with less than
multiplicative interaction for describing the joint effect.  The committee’s risk
projection models separately characterize the risks in ever-smokers and never-
smokers.  The miner data remain the principal basis for this separate characteriza-
tion.  The case-control studies in the general population have not proved informa-
tive on this issue and valid signatures at the histologic and molecular levels have
not yet been identified.

Some have argued that indoor radon could not contribute substantially to
lung cancer in the population because mortality rates from lung cancer in never-
smokers are substantially lower than overall rates in the general population.  By
implication, all lung cancer is assumed to be caused by smoking, or preventable
by smoking prevention and control.  However, the synergism between radon
exposure and smoking implies that the number of radon-attributable cases will
vary with the background rate.  From the public health perspective, it would be
inappropriate to dismiss the large numbers of cases that occur in ever-smokers
because of their high background rate.  The historical record of lung-cancer rates
across the century provides little insight into the significance of radon as a public
health problem.  The validity of the diagnosis has probably varied over time.
Mortality rates from lung cancer earlier in this century and rates in never-smokers
offer at most a biologically inappropriate upper bound for the numbers of lung
cancers attributable to radon progeny absent cigarette-smoking.
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Appendix D

Miner Studies

Data from epidemiologic studies of underground miners have played a cen-
tral role in most efforts to evaluate radon risks, including those of the BEIR VI
committee.  The BEIR IV report reviewed epidemiologic studies of the following
groups of underground miners: uranium miners in the Colorado Plateau, Czecho-
slovakia, Canada (Ontario, Port Radium, and Beaverlodge), and France; tin min-
ers in Cornwall, United Kingdom, and China; iron and other miners in Sweden;
fluorspar miners in Canada; and niobium miners in Norway.  The BEIR IV
committee based its risk model on analyses of combined data from 4 of these
studies: Malmberget in Sweden, Colorado Plateau in the U.S., and Beaverlodge
and Ontario in Canada.

Since publication of the BEIR IV report, additional information, including
both updating of follow-up and new data analyses, has become available from
several of the cohorts noted above, including the cohorts in Colorado, Czechoslo-
vakia, France, China, Ontario, and Port Radium.  Results from additional co-
horts—New Mexico and Radium Hill in Australia—have also been published.
These studies consistently demonstrate excess lung-cancer mortality compared
with expected numbers from the general population and increasing risk with
increasing exposure to radon progeny.

The recently published studies provide information on issues that could not
be addressed adequately in the BEIR IV report.  The study in China includes a
large number of subjects exposed under the age of 20 and has provided an
opportunity for examining the effect on risks of age at first exposure.  The
Chinese and Ontario studies have provided an opportunity to examine the effects
of arsenic exposure.  Six of the studies (Colorado, Sweden, China, New Mexico,
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Newfoundland, and Radium Hill) include smoking data and have allowed a more
effective examination of the combined effects of exposure to smoking and radon
progeny.  Additional years of follow-up and addition of new studies have also
increased the information available on the modifying effect of age at risk, time
since exposure, and time since last exposure.  Finally, the studies now available
include a wide range of exposure rates and have increased the information avail-
able on the modifying effect of exposure rate both within individual cohorts and
in analyses of combined data from several cohorts.

Not only have new data become available, but informative statistical analy-
ses of the data have been conducted.  In most cases, investigators have modeled
the hazard (age-specific risk) as a function of exposure and other variables, and
this has allowed rigorous examination of the modifying effects of time-related
variables, age at exposure, exposure rate, and smoking.  That approach is compa-
rable with that used by the BEIR IV committee, and many of the reports have
compared findings from the study being evaluated with those predicted by the
BEIR IV model.  Special analyses addressing the combined effects of smoking
and radon have been conducted by Thomas and others (1994), Yao and others
(1994), and Moolgavkar and others (1993).

Most important, a working group of principal investigators, under the spon-
sorship of the U.S. National Cancer Institute (NCI), has analyzed combined data
from 11 miner cohorts, including all available cohorts having at least 40 lung-
cancer deaths and estimates of each participant’s exposure to radon progeny (Lubin
and others 1994a, 1995a).  These analyses included 2,700 lung-cancer deaths in
68,000 miners, compared with 360 lung-cancer deaths in 22,200 miners included
in the BEIR IV committee’s analyses.  Recent additional analyses of these data
have provided a more-detailed examination of exposure-rate effects (Lubin and
others 1995b) and of the low-exposure miner data (Lubin and others 1997).

The risk model recommended in the current report is based on analyses of
data from the 11 cohorts evaluated by NCI, although for some cohorts data have
been updated or modified in other ways.  Although the committee chose to
conduct its own analyses of these data to develop its risk model, it drew heavily
on the extensive results included in the NCI report and papers noted above,
particularly for addressing the modifying effects of such variables as smoking,
exposure rate, age at first exposure, and time since exposure.

The purposes of this appendix are to describe the characteristics of the epide-
miologic studies that were used to develop the committee’s risk model and to
summarize and discuss results of published analyses of data from these studies,
particularly the extensive analyses conducted by NCI.  Emphasis is given to
information and analyses that have become available since publication of the
BEIR IV report.  The appendix is limited to lung-cancer risks; analyses of the
miner data that address other health end points are discussed in chapter 4.

This appendix begins by providing an overall description of the characteris-
tics of each of the 11 cohorts included in the combined analyses noted above and
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then summarizes and compares the cohorts with respect to their informativeness
on several issues.  It then discusses both the approach and results of statistical
analyses, primarily the NCI combined analyses.  Analyses reported by investiga-
tors for individual studies are not discussed unless they provide insights that are
not available from the combined analyses.  Discussion of the statistical analysis
begins with an overview, which is followed by sections on specific topics.  It
concludes with an overall evaluation of the analyses and risk models developed
in the NCI report.  Analyses conducted specifically for the BEIR VI report are
described in chapter 3 and appendix A, and are not discussed here.  Appendix E
provides a comprehensive description of the method for exposure estimation in
each study.

SUMMARY AND EVALUATION OF THE MINER COHORTS

The basic features of each of the 11 cohorts included in the NCI analyses are
summarized in the text and tables of this section.  The statistics presented in
Tables D-1 through D-11 refer to the data used in analyses to develop the risk
models for this report, which, for 7 of the cohorts, are very similar to data used in
the NCI analyses, although in some cases changes in the approach used to allo-
cate person-years resulted in minor changes from tables presented in the NCI
report.  For Czechoslovakia, exposures were re-evaluated and follow-up data
were improved (Tomás̆ek and Darby 1995) in the data set used for the BEIR VI
analyses.  Some modifications of the data were also made for China, Newfound-
land, and France.

Tables D-1 through D-18 present brief descriptions of tabular information on
the cohorts. For additional details on these cohorts, the reader is referred to Lubin
and others (1994a) and to papers describing results from the individual studies.  The
cohorts are presented in descending order of number of lung-cancer deaths.  In
Tables D-1 through D-11, mean values are computed with person-years as weights.

The China Cohort (Table D-1)

Tin mining in the Yunnan Province in southern China dates back almost
2000 years.  The China cohort consists of about 17,000 employees of the Yunnan
Tin Corporation (YTC), a large nonferrous-metals industry.  YTC, which was
formed in 1883 and nationalized in 1949, is the largest employer in Geiju City.
The NCI became involved with the health-research unit of YTC and the Cancer
Institute of the Chinese Academy of Medical Sciences in the study of the China
cohort in 1985.  The cohort has the largest number of lung-cancer deaths.  Miners
were exposed to a range of exposure rates, and exposure was relatively long,
being second only to the study of Swedish miners.  This is the only cohort with
substantial numbers of workers exposed as children, and 735 of 980 lung cancers
occurred in miners first exposed under age 20.
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TABLE D-1 Summary of China cohort

Study site:  Yunnan Province, China
Type of mine:  Tin
Recent references:  Xuan and others 1993; Yao and others 1994
Definition and identification of cohort:

All participants in a 1976 occupational survey of both active and retired miners who
worked in one of 5 divisions of YTC were included.  The survey included all employees
within these 5 units, which were responsible for all underground mining activities.

Methods for follow-up and ascertainment of lung-cancer deaths:
Vital status was determined from YTC medical, payroll, and retirement records.  Lung-

cancer deaths were ascertained from a YTC-operated cancer registry.  Because YTC
compensates lung-cancer cases and their families, ascertainment is considered to be
complete.

Number of exposed miners in cohort: 13,649
Number of exposed person-years: 134,842
Average cumulative exposure:  286.0 WLM
Average duration of exposure: 12.9 years
Average exposure rate:  1.7 WL
Period of follow-up:  1976-1987
Average length of follow-up:  10.2 years
Average year of first exposure:  1955.6
Average age at first exposure:  18.8 years
Number of exposed lung-cancer deaths:

Total: 936
Cumulative exposure < 100 WLM: 72 (7.7%)
Cumulative exposure < 50 WLM: 33 (3.5%)
Average exposure rate < 0.5 WL: 9 (1.0%)

Other special characteristics of cohort:
A substantial proportion were under age 20 at the start of exposure (73% of lung cancers

occurred in those first exposed under age 20).  The exposure duration was much longer
than the average of 5.7 for all cohorts.

Available data on smoking:
Data on tobacco use, including cigarettes and bamboo water pipes, are available from 1976

survey but missing for 24% of survey participants.  Information on duration and amount
smoked is incomplete.

Available data on other mining exposures:
Cumulative arsenic in mg/months/m3—based on measurements from the 1950s.
Miners were assumed exposed to arsenic 7 h/d and above-ground workers 8 h/d.

Results of NCI analyses:
Estimated ERR/exposure = 0.16% after adjustment for arsenic exposure.
No evidence of nonlinearity in dose-response relation.
Significant decrease in ERR/exposure with increasing attained age, decreasing exposure

duration, increasing average exposure rate, and increasing time since last exposure.
Significant variation of ERR/exposure with categories of age at first exposure, but pattern

was not consistent.
Special problems:

Difficulties were encountered in linking cases with survey forms because of removal of
forms from files, but this difficulty is thought to have been resolved satisfactorily.

Special analyses:
Combined effects of smoking and radon exposure are addressed in analyses by Yao and

others (1994).



Copyright © National Academy of Sciences. All rights reserved.

Health Effects of Exposure to Radon: BEIR VI
http://www.nap.edu/catalog/5499.html

258 APPENDIX D

The Czech Cohort (Table D-2)

Metal mining in western Bohemia has been carried on since the 15th and
16th centuries, and the study of miners who began mining between 1948 and
1957 (know as the “S cohort”) was initiated in 1970.  The first results were
published in 1972, making it one of the first miner studies to report findings;
several updates have been published.  As noted in Table D-2, most analyses have
focused on the S cohort.  The Czech cohort includes a wide range of exposure
levels.

TABLE D-2 Summary of Czech cohort

Study site:  Western Bohemia, Czech Republic
Type of mine:  Uranium
Recent references:  S̆evc and others 1988, 1993; Tomás̆ek and others 1993, 1994a,b
Definition and identification of cohort:

Most analyses, including NCI analyses, have focused on the “S cohort,” which consists of
uranium miners who started working in western Bohemia in 1948-1957.  S̆evc and others
(1988) also evaluated additional workers, including miners who started working in middle
Bohemia in 1968-1975, iron miners, and burnt-clay miners; these additional workers had
much lower cumulative exposures than the early uranium miners and were not included in
the NCI analyses.

Methods for follow-up and ascertainment of lung-cancer deaths:
Both vital status and disease outcome were established from the population registry at the
Ministry of Interior, examination of district death-registry records, oncologic notification
records that were maintained by the Ministry of Health, and pathology records at district
hospitals.

Number of exposed miners in cohort: 4,320
Number of exposed person-years: 102,650
Average cumulative exposure: 196.8 WLM
Average duration of exposure: 6.7 years
Average exposure rate: 2.8 WL
Period of follow-up:  1952-1990
Average length of follow-up: 25.2 years
Average year of first exposure:  1951.0
Average age at first exposure: 30.1 years
Number of exposed lung-cancer deaths:

Total: 701
Cumulative exposure < 100 WLM: 73 (10%)
Cumulative exposure < 50 WLM: 11 (1.6%)
Average exposure rate < 0.5 WL: 0 (0.0%)

Available data on smoking:
No information is available on the cohort analyzed at NCI.

Available data on other mining exposures:
No specific data are available, but Tomás̆ek and others (1994a) note that miners were

potentially exposed to arsenic and that miners who worked in the Jachymov mine were
exposed to much higher levels of arsenic than those who worked in other mines.  Data
indicating how long mine workers were employed in various specific mines were
available to Tomás̆ek and others (1994a).
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The Colorado Plateau Cohort (Table D-3)

The study of uranium miners in the Colorado plateau is one of the earliest
studies to document excess lung cancer rigorously; initial findings were pub-
lished in the 1960’s.  The study was established by the U.S. Public Health Service,
and cohort follow-up is now conducted by the U.S. National Institute for Occupa-
tional Safety and Health.  Mining in the Colorado plateau—including parts of
Arizona, Colorado, New Mexico, and Utah—expanded rapidly in the late 1940s,
but by 1970 many mines had closed.  Exposure rates for this cohort were rela-
tively high, and this cohort has both the highest mean exposure and highest

Results of NCI analyses:
Estimated ERR/exposure = 0.34% (0.2-0.6%)
Some evidence of nonlinearity in dose-response relation with decrease in risks at highest

cumulative exposures.
Significant decrease in ERR/exposure with increasing attained age, decreasing exposure

duration, increasing average exposure rate, decreasing age at first exposure, and
increasing time since last exposure.

Special studies:
S̆evc and others (1988) reported increased incidence of basal cell carcinoma of skin.

Special analyses:
Tomás̆ek and others (1993) examined mortality from cancer other than lung cancer (see

chapter 4)
Additional results:

S̆evc and others (1988) did not find evidence of significantly increased risks in the recent
uranium miners (initially exposed 1968 and later), but risks were compatible with those
obtained from the more highly exposed early workers.  Statistically significant excess
risks were observed in both iron and burnt-clay miners, and their experience was also
comparable with that of the early uranium miners (S cohort).  S̆evc and others (1988)
also conducted analyses of specific cell types.

Tomás̆ek and others (1994a) found that the ERR/exposure was significantly larger for
miners who worked more than 20% of their employment period in the Jachymov mine;
arsenic exposure is a possible explanation for this finding. Tomás̆ek and others also
found no evidence of an exposure-rate effect in analyses that excluded miners who ever
experienced exposure rates exceeding 10 WL; however, these analyses excluded large
numbers of miners with modest average exposure rates, and lack of power might
partially explain this finding.

Analyses by Tomás̆ek and others (1994a) were based on exposure and follow-up data that
had been improved over those used in earlier analyses, including the NCI analyses.  The
exposure revision involved correcting previous errors, estimating exposure for each
month in each man’s employment history, and taking account of exposures received in
other mines.  Improvements in follow-up, described by Tomás̆ek and others (1994b),
increased the numbers of persons who had died from lung cancer available for study.
The overall ERR/exposure estimate based on the revised data was 0.61%, compared
with 0.37% based on the earlier data.

TABLE D-2 Continued
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TABLE D-3 Summary of the Colorado cohort

Study site:  Colorado Plateau, United States
Type of mine:  Uranium
Recent references:  Hornung and Meinhardt 1987; Moolgavkar and others 1993; Thomas and
others 1994
Definition and identification of cohort:

Workers in Arizona, Colorado, New Mexico, and Utah who had completed at least 1
month of underground uranium mining, who volunteered for at least one medical
examination between 1950 and 1960, and who provided personal and occupational data
of sufficient detail for follow-up and for exposure estimation.  Another 115 workers
were also included but included only once in the joint analysis; these workers were
retained for separate NCI analyses of the Colorado cohort, but included only once in
joint analyses.  Most NCI analyses were restricted to the portion of the data with
cumulative exposure less than 3,200 WLM, and the statistics below are also based on
this restriction.

Methods for follow-up and ascertainment of lung-cancer deaths:
Vital status was ascertained from records of mining companies, state vital-statistics

offices, the U.S. Social Security Administration, the Internal Revenue Service, and the
Veterans Administration; from the National Death Index; and by direct contact.  Cause
of death was determined from state death certificates.

Number of exposed miners: 3,347
Number of exposed person-years: 79,556
Average cumulative exposure: 578.6 WLM
Average duration of exposure: 3.9 years
Average exposure rate: 11.7 WL
Period of follow-up:  1950-1990
Average length of follow-up: 26.3 years
Average year of first exposure:  1953.0
Average age at first exposure: 31.8 years
Number of exposed lung cancer deaths:
Total:

Cumulative exposure < 3,200 WLM: 334
Cumulative exposure < 100 WLM: 20 (6.0%)
Cumulative exposure < 50 WLM: 13 (3.9%)
Average exposure rate < 0.5 WL:  0 (0.0%)

Available data on smoking:
Data were obtained from annual censuses of miners and from mail questionnaires on 1-4

occasions from 1950 to 1960, and at other times from 1963 to 1969.  Data have been
updated more recently but results were unavailable.

Available data on other mining exposures:
Information on number of years previously worked in hard-rock mines and estimates of

total WLM received in these mines were available.
Results of NCI analyses:

Estimated ERR/exposure = 0.42% (0.3-0.7%).
Evidence of nonlinearity in dose-response relation when all data included; consistent with

linearity when analyses were restricted to cumulative exposures not exceeding 3,200
WLM, as in NCI analyses.

Significant decrease in ERR/exposure with increasing attained age, decreasing exposure
duration, increasing average exposure rate, and increasing time since exposure.  No
evidence of modification by age at first exposure.
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average exposure rate (nearly the same as that of Port Radium) of the 11 cohorts
evaluated here.  The cohort contributes almost no direct information on effects of
exposure at low exposure rates (< 1 WL).

The Ontario Cohort (Table D-4)

The Ontario cohort used in the NCI analyses includes only uranium miners,
although the complete cohort includes those engaged in other types of mining
(gold, nickel, and copper) in the province of Ontario.  Uranium mines began
operation in 1955 and continued into the early 1960s.  The cohort includes some
workers who had previously worked in gold mines.  The first findings of the
Ontario study were published in 1981.  This cohort has the largest number of
workers, and makes the strongest contribution of the 11 cohorts to estimation of
effects at lower cumulative exposures and exposure rates.  The average exposure
rate is one of the lowest, along with those of Sweden, Beaverlodge, Radium Hill,
and France.

Special analyses:
Thomas and others (1994) used a case-control approach to investigate the joint effects of

smoking and radon exposure.  Their analyses also included consideration of the detailed
exposure-rate history.  Moolgavkar and others (1993) applied biologically based 2-stage
clonal expansion model to the Colorado data.

TABLE D-3 Continued

TABLE D-4 Summary of the Ontario cohort

Study site:  Ontario, Canada
Type of mine:  Uranium
Recent references:  Muller and others 1984; Kusiak and others 1991, 1993.
Definition and identification of cohort:

The cohort included miners who attended required miners’ chest clinics from January 1
1955, to December 31, 1984, and who had been employed for a minimum of 60 months
in dusty jobs in a nonuranium mine or for a minimum of 2 weeks in a uranium mine.
Miners who had also worked in mines outside Ontario, females, and men with missing
dates of birth were excluded.

Methods for follow-up and ascertainment of lung-cancer deaths:
Vital status and cause of death were determined for 1955-1986 by searching the Mortality

Database of Statistics, Canada.
Number of exposed miners in cohort: 21,346
Number of exposed person-years: 300,608
Average cumulative exposure: 31.0 WLM
Average duration of exposure: 3.0 years
Average exposure rate: 0.9 WL
Period of follow-up:  1955-1986
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The Newfoundland Cohort (Table D-5)

Underground mining of fluorspar in St. Lawrence, Newfoundland, began in
1936 and continued until 1978.  The average exposure rate is high, and the cohort
has the second highest mean WLM.

The Swedish Cohort (Table D-6)

The Swedish cohort includes iron miners in Malmberget, Sweden, located
above the Arctic circle.  The study includes some who began mining as early as
1897.  This is an older cohort with the longest mean duration of exposure of the 11
cohorts.  The average exposure rate is the lowest of the 11 cohorts, and this cohort
makes a strong contribution to the estimation of effects at lower exposure rates.

The New Mexico Cohort (Table D-7)

New Mexico was a leading producer of uranium from the 1960s through the
1980s, and the New Mexico cohort is the most recently employed miner cohort in

Average length of follow-up: 17.8 years
Average year of first exposure:  1963.8
Average age at first exposure: 26.4 years
Number of exposed lung-cancer deaths:

Total: 285
Cumulative exposure < 100 WLM: 225 (79%)
Cumulative exposure < 50 WLM: 174 (61%)
Average exposure rate < 0.5 WL: 100 (35%)

Available data on smoking:
Data from several surveys are available.  Beginning in 1976, each miner’s smoking history

was recorded when he made his annual visit to a chest clinic; in 1990-1991, a
questionnaire was sent to all miners in Ontario whose addresses could be found.

Available data on other mining exposures:
Estimates of total radon-progeny exposure and arsenic exposure from gold mining are

available.  Miners with known exposure to asbestos or radon-progeny outside Ontario
were excluded, but many Ontario uranium miners had previously worked in gold mines.

Results of NCI analyses:
Estimated ERR/exposure = 0.89% (0.5-1.5%)
No evidence of nonlinearity in dose-response relation.
Significant decrease in ERR/exposure with increasing average exposure rate.  No evidence

of effect modification by attained age, exposure duration, time since exposure, or age at
first exposure.

Special analyses:
A report by Muller and others (1984) included evaluation of risks of cancers other than

lung cancer.  A report by Kusiak and others (1993) included evaluation of smoking data
and of specific cell types of lung cancer.

TABLE D-4 Continued
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TABLE D-5 Summary of the Newfoundland cohort

Study site:  Newfoundland, Canada
Type of mine:  Fluorspar
Recent references:  Morrison and others 1988.
Definition and identification of the cohort:

Men who were employed by one of 2 local mining companies from 1933 to 1978 and who
had adequate personal identifying information were included.

Methods for follow-up and ascertainment of lung-cancer deaths:
Vital status and cause of death were determined for the years 1950-1984 by searching the

Mortality Database of Statistics, Canada.
Number of exposed miners: 1,751
Number of exposed person-years: 33,795
Average cumulative exposure: 388.4 WLM
Average duration of exposure: 4.8 years
Average exposure rate: 4.9 WL
Period of follow-up:  1950-1984
Average length of follow-up: 23.3 years
Average year of first exposure:  1954.1
Average age at first exposure: 27.5 years
Number of exposed lung-cancer deaths:

Total: 112
Cumulative exposure < 100 WLM: 18 (16%)
Cumulative exposure < 50 WLM: 15 (13%)
Average exposure rate < 0.5 WL:  8 (7.1%)

Available data on smoking:
Information on smoking was obtained through several surveys (1960, 1966, 1970, 1978)

and was available for 48% of the cohort.
Available data on other mining exposures:  None.
Results of NCI analyses:
Estimated ERR/exposure = 0.76% (0.4-1.3%).

Modest evidence of nonlinearity in dose-response relationship (p = 0.06); estimated power
of exposure was 1.32.

Significant decrease in ERR/exposure with increasing attained age, decreasing exposure
duration, increasing average exposure rate, and increasing time since exposure.  No
evidence of modification by age at first exposure.

the United States.  Exposures of this cohort were generally lower than those of
the earlier Colorado plateau miners.  The study of these miners was initiated by
the University of New Mexico in 1977.

The Beaverlodge Cohort (Table D-8)

The Beaverlodge uranium mine, in northern Saskatchewan, Canada, began
operations in 1949 and closed in 1982.  The mines were operated by Eldorado
Resources Ltd., a government corporation.  Exposure rates were low in this
cohort, leading to the second lowest mean WLM.
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TABLE D-6 Summary of the Swedish cohort

Study site:  Malmberget area in northern Sweden
Type of mine:  Iron
Recent references:  Radford and St. Clair Renard 1984
Definition and identification of the cohort:

Men who were born in 1880-1919, were alive on January 1, 1951, and worked
underground in more than one calendar year in various mines in northern Sweden were
included.  Company and union records were the principal sources used to identify
workers; medical surveys and parish records were also used.

Methods for follow-up and ascertainment of lung-cancer deaths:
Vital status and cause of death were determined by using each worker’s Swedish personal

identification number and parish records; this information is thought to be nearly
complete.  Death certificates were used as source for cases; 70% of lung-cancer deaths
confirmed by autopsy or thoracotomy.

Number of exposed miners: 1,294
Number of exposed person-years: 32,452
Average cumulative exposure: 80.6 WLM
Average duration of exposure: 18.2 years
Average exposure rate: 0.4 WL
Period of follow-up:  1951-1991
Average length of follow-up: 25.7 years
Average year of first exposure:  1934.1
Average age at first exposure: 27.4 years
Number of exposed lung-cancer deaths:

Total: 79
Cumulative exposure < 100 WLM: 36 (46%)
Cumulative exposure < 50 WLM: 17 (22%)
Average exposure rate < 0.5 WL: 78 (99%)

Available data on smoking:
As a result of several surveys, there is information on smoking history of more than half

the men living in 1970; such information is available for all lung-cancer deaths.
Available data on other mining exposures:

None.  However, arsenic, chromium, and nickel were not present beyond trace amounts in
the bedrock and were not detected in samples of mine air.  Diesel equipment was not
introduced in the mines until 1960, after most of the lung-cancer deaths had left the
mines or died.

Results of NCI analyses:
Estimated ERR/exposure = 0.95% (0.1-4.1%).
No evidence of nonlinearity in dose-response relation.
Significant decrease in ERR/exposure with increasing attained age and increasing time

since exposure.
No evidence of significant modification by exposure duration, time since exposure, or age

at first exposure.  Modification by exposure rate was of borderline statistical
significance when treated quantitatively.

Special studies:
The role of silicosis was investigated in a case-control study; the conclusion was that

silicosis did not contribute to lung-cancer risk.
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TABLE D-7 Summary of the New Mexico cohort

Study site:  Grants, New Mexico, United States
Type of mine:  Uranium
Recent references:  Samet and others 1989, 1991, 1994.
Definition and identification of the cohort:

Men who had undergone a mining-related physical examination at the Grants Clinic in
Grants, New Mexico, and who had worked at least 1 year underground in New Mexico
before December 31, 1976, were included.  Personnel records were reviewed to
document underground exposure.

Methods for follow-up and ascertainment of lung-cancer deaths:
Vital status was determined by searching New Mexico vital-statistics records, the New

Mexico Tumor Registry, and state driver’s license records; the cohort was also matched
against records of the Social Security Administration and the U.S. National Death Index.
Death certificates were obtained and the cause of death coded by one nosologist.

Number of exposed miners: 3,457
Number of exposed person-years: 46,800
Average cumulative exposure: 110.9 WLM
Average duration of exposure: 5.6 years
Average exposure rate: 1.6 WL
Period of follow-up:  1943-1985
Average length of follow-up: 17.0 years
Average year of first exposure:  1965.7
Average age at first exposure: 28.0 years
Number of exposed lung-cancer deaths:

Total: 68
Cumulative exposure < 100 WLM: 10 (15%)
Cumulative exposure < 50 WLM: 6 (8.8%)
Average exposure rate < 0.5 WL: 3 (4.4%)

Available data on smoking:
Grants Clinic records provided information on whether workers were current, former, or

never-smokers.
Available data on other mining exposures:

Information on whether workers had previously worked in a hard-rock mine was available
from Grants Clinic records.

Results of NCI analyses:
Estimated ERR/exposure = 1.72% (0.6-6.7%).
No evidence of nonlinearity in dose-response relation.
Significant decrease in ERR/exposure with attained age and decreasing exposure duration.
No evidence of significant modification by exposure rate or time since exposure.
Modification by age at first exposure was of borderline significance when treated

quantitatively.
Special characteristics:

A high proportion (44%) of the study population was Hispanic or American Indian.
Analyses were adjusted for ethnicity.

Special analyses:
Samet and others (1994) investigated the effect of exposure to silica; no evidence of such

an association was found.
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TABLE D-8 Summary of the Beaverlodge cohort

Study site:  Saskatchewan, Canada
Type of mine:  Uranium
Recent references:  Howe and others 1986; L’Abbe and others 1991; Howe and Stager 1996
Definition and identification of the cohort:

Men who had ever worked at the Beaverlodge uranium mine during 1948-1980 were
included except those with no recorded birth year, incomplete job histories, evidence of
error in recorded birth date, or history of working for Eldorado Resources Ltd. at sites
other than Beaverlodge.

Methods for follow-up and ascertainment of lung-cancer deaths:
Vital status and cause of death were determined for 1950-1980 by searching the Mortality

Database of Statistics, Canada.
Number of exposed miners: 6,895
Number of exposed person-years: 67,080
Average cumulative exposure: 21.2 WLM
Average duration of exposure: 1.7 years
Average exposure rate: 1.3 WL
Period of follow-up:  1950-1980
Average length of follow-up: 14.0 years
Average year of first exposure:  1962.6
Average age at first exposure: 28.0 years
Number of exposed lung-cancer deaths:

Total: 56
Cumulative exposure < 100 WLM: 38 (68%)
Cumulative exposure < 50 WLM: 31 (55%)
Average exposure rate < 0.5 WL: 13 (23%)

Available data on smoking:
No information is available for analyses conducted at NCI.  Results from case-control

study suggest that tobacco use was unlikely to have biased the estimates of ERR/
exposure for this cohort.

Available data on other mining exposures:  None.
Results of NCI analyses:

Estimated ERR/exposure = 2.21% (0.9-5.6%)
No evidence of nonlinearity in dose-response relation.
Significant decrease in ERR/exposure with decreasing exposure duration and increasing

average exposure rate.
No evidence of significant modification by attained age, time since exposure, but evidence

of significant modification by time since last exposure, or age at first exposure.
Special studies:

L’Abbe and others (1991) conducted a case-control study to investigate the possibility of
confounding by smoking and other mining experience.  Little evidence of such
confounding was found.

Howe and Stager (1996) conducted a nested case-control study in which exposures were
re-estimated for 65 men who died of lung cancer and 126 matched controls.  The
revised estimates were based on a more-thorough review of individual employment
records that allowed subjects to be assigned to more-specific mine areas than in the
initial assessment and also used arithmetic means of measurements of area exposure
instead of the geometric means that had been used earlier.  Overall, the revised
cumulative exposures were about 60% higher than the original estimates.  In spite of
this increase, the estimated lung-cancer ERR per 100 WLM based on the revised
estimates was 3.26, higher than the value of 2.70 based on the original estimates.  This



Copyright © National Academy of Sciences. All rights reserved.

Health Effects of Exposure to Radon: BEIR VI
http://www.nap.edu/catalog/5499.html

MINER STUDIES 267

The Port Radium Cohort (Table D-9)

Like the Beaverlodge mine, the Port Radium uranium mine, in the Northwest
Territories, Canada, was operated by Eldorado Resources Ltd.  The mine was in
operation from 1930 to 1960; because of its earlier dates of operation, miners
were exposed to substantially higher exposure rates than those at Beaverlodge.
The Port Radium and Colorado cohorts had nearly the same average exposure
rate, which was the highest of the 11 cohorts.

TABLE D-8 Continued

increase was attributed to a reduction in random exposure-measurement error.  In
addition, analyses based on the revised exposure estimates provided no evidence of an
inverse exposure-rate effect, whereas earlier cohort analyses based on the original
estimates provided strong evidence of such an effect.

TABLE D-9 Summary of the Port Radium cohort

Study site:  Northwest Territories, Canada
Type of mine:  Uranium
Recent references:  Howe and others 1987
Definition and identification of the cohort:

The cohort consisted of men who had worked in the mine since 1940 and who were known
to be alive on January 1, 1945, except those with various missing or invalid data.

Methods for follow-up and ascertainment of lung-cancer deaths:
Vital status and cause of death were determined for the years 1950-1980 by searching the

Mortality Database of Statistics, Canada.
Number of exposed miners: 1,420
Number of exposed person-years: 30,454
Average cumulative exposure: 243.0 WLM
Average duration of exposure: 1.2 years
Average exposure rate: 14.9 WL
Period of follow-up:  1950-1980
Average length of follow-up: 25.3 years
Average year of first exposure: 1952.3
Average age at first exposure: 27.6 years
Number of exposed lung-cancer deaths:

Total: 39
Cumulative exposure < 100 WLM: 7 (18%)
Cumulative exposure < 50 WLM: 2 (5.1%)
Average exposure rate < 0.5 WL: 0 (0.0%)

Available data on smoking:  None
Available data on other mining exposures:  None
Results of NCI analyses:

Estimated ERR/exposure = 0.19% (0.1-0.6%).
No evidence of nonlinearity in dose-response relation.
Significant decrease in ERR/exposure with increasing attained age, decreasing exposure

duration, and time since last exposure.
No evidence of significant modification by exposure rate or age at first exposure.
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The Radium Hill Cohort (Table D-10)

The Radium Hill mine, in a remote area of eastern South Australia, produced
uranium ore for export to Great Britain and the United States in 1952-1961.  The
mine was owned and operated by the South Australian Department of Mines.  A
limitation of the study is that, because of emigration, 26% of the miners could not
be traced.  Exposure rates were low, and the study had the lowest mean WLM of
the 11 cohort studies.

TABLE D-10 Summary of the Radium Hill cohort

Study site:  South Australia
Type of mine:  Uranium
Recent references:  Woodward and others 1991
Definition and identification of the cohort:

Hourly workers employed at Radium Hill during its period of operation (1952-1961) were
included.

Methods for follow-up and ascertainment of lung-cancer deaths:
Vital status was determined by searching death records throughout Australia for the period

1960-1987.  For earlier years (1952-1959), the search was restricted to South Australia.
Other sources were also used to locate workers.  For the data used in the NCI analyses,
26% of the cohort could not be traced.

Number of exposed miners: 1,457
Number of exposed person-years: 24,138
Average cumulative exposure: 7.6 WLM
Average duration of exposure: 1.1 years
Average exposure rate: 0.7 WL
Period of follow-up:  1948-1987
Average length of follow-up: 21.9 years
Average year of first exposure: 1956.0
Average age at first exposure: 29.2 years
Number of exposed lung-cancer deaths:

Total: 31
Cumulative exposure < 100 WLM: 30 (97%)
Cumulative exposure < 50 WLM: 29 (94%)
Average exposure rate < 0.5 WL: 16 (52%)

Available data on smoking:
Smoking-status data (never-smoker, ever-smoker, or unknown) were available for about

half the cohort from a 1984 survey of cohort members and their next of kin; collection
of smoking information is continuing.

Available data on other mining exposures:  None
Results of NCI analyses:

Estimated ERR/exposure = 5.06% (1.0-12.2%)
No evidence of nonlinearity in dose-response relation.
No evidence of significant modification by attained age, exposure duration, exposure rate,

age at first exposure, or time since last exposure.
Special problems:

A high proportion (26%) of subjects could not be traced.
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The French Cohort (Table D-11)

Uranium mining in France began in 1946, and the cohort includes miners in
several uranium mines in various locations in France, some of which are still in
operation.  These mines are operated by a subsidiary of the Commissariat a
l’Energie Atomique.  Duration of exposure was relatively long in the French
mines, but exposure rates were low.

TABLE D-11 Summary of the French cohort

Study site:  Mines in 3 areas in the center of France and in an area near the western coast.
Type of mine:  Uranium
Recent references:  Tirmarche and others 1993
Definition and identification of the cohort:

Men who had worked at least 2 years underground in uranium mines in France and who
started worked  in 1946-1972 were included.  Thirty-nine foreign workers were
excluded.

Methods for follow-up and ascertainment of lung-cancer deaths:
Vital status was determined from several sources, including company medical records,

national records, and local physicians and hospitals and by tracing workers through last
known addresses.  Cause of death was determined for 96% of workers who had been
identified as deceased.

Number of exposed miners: 1,769
Number of exposed person-years: 29,172
Average cumulative exposure: 59.4 WLM
Average duration of exposure: 7.2 years
Average exposure rate: 0.8 WL
Period of follow-up:  1948-1986
Average length of follow-up: 24.7 years
Average year of first exposure: 1956.8
Average age at first exposure: 29.5 years
Number of exposed lung-cancer deaths:

Total: 45
Cumulative exposure < 100 WLM: 33 (73%)
Cumulative exposure < 50 WLM: 22 (49%)
Average exposure rate < 0.5 WL: 24 (53%)

Available data on smoking:  None.
Available data on other mining exposures:
Available data indicate only whether workers had previous mining experience.
Results of NCI analyses:

Estimated ERR/exposure = 0.36% (0.0-1.3%).
No evidence of nonlinearity in dose-response relation.
No evidence of significant modification by attained age, exposure duration, exposure rate,

or time since last exposure.  Significant modification by age at first exposure when
treated quantitatively.
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Summary and Comparison of the Underground-Miner Cohorts

The informativeness of an epidemiologic study for quantifying the exposure-
response relationship depends on several factors, including the size of the popu-
lation, the number of cases of the disease of interest, and the size and distribution
of the exposures.  In general, studies with the greatest ranges of exposure and
exposure rate are likely to be most informative with respect to investigating the
shape of the exposure-response function and modifying effects of exposure rate.
However, cohorts in which most subjects have been exposed primarily at lower
exposure rates and to lower cumulative exposures might be more relevant for
evaluating the effect of exposures at residential levels.  Tables D-12 through
D-15 provide a comparison of exposures and exposure rates among the cohorts
and give special attention to describing cohorts in terms of the information avail-
able at lower exposures and exposure rates.

In addition to providing quantitative information on the dependence of risks
on exposure and exposure rate, the miner data are used to address the modifying
effects of attained age, time since exposure, and age at first exposure.  Table D-16
provides summary information on the 11 miner cohorts, and Table D-17 provides

TABLE D-12 Number of exposed miners, person-years, lung cancer deaths,
and mean WLM and WL

Number Number Number Weighted
of of person- of lung Mean Mean Mean mean

Study workers years cancers WLMa duration WLa WLb

China 13,649 134,842 936 286.0 12.9 1.7 2.3
Czechoslovakia 4,320 102,650 701 196.8 6.7 2.8 4.2
Coloradoc 3,347 79,556 334 578.6 3.9 11.7 17.0
Ontario 21,346 300,608 285 31.0 3.0 0.9 1.6

Newfoundland 1,751 33,795 112 388.4 4.8 4.9 12.2
Sweden 1,294 32,452 79 80.6 18.2 0.4 0.4
New Mexico 3,457 46,800 68 110.9 5.6 1.6 5.7
Beaverlodge 6,895 67,080 56 21.2 1.7 1.3 2.5

Port Radium 1,420 31,454 39 243.0 1.2 14.9 33.4
Radium Hill 1,457 24,138 31 7.6 1.1 0.7 1.0
France 1,769 39,172 45 59.4 7.2 0.8 2.6

Totald 60,606 888,906 2,674 164.4 5.7 2.9 10.8

aWeighted by person-years; includes 5-year lag interval.
bWeighted by WLM received at each exposure rate.
cExposure limited to < 3,200 WLM.
dTotals adjusted for miners and lung cancers that were included in both the Colorado and New
Mexico Studies.
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information on attained age, age at first exposure, and time since last exposure in
a format suitable for comparison.

Table D-12 shows several measures of the size of the individual miner co-
horts and of the magnitude of the exposures and exposure rates.  Although the
number of exposed miners is greatest for the Ontario cohort, the China, Czecho-
slovakia, and Colorado cohorts all have more lung-cancer deaths because of their
higher exposures.  Those 4 cohorts contribute 2,256 (84%) of the total of 2,674
lung-cancer deaths in exposed miners.  The highest average exposure rates (WL)
are found in the Colorado, Newfoundland, and Port Radium cohorts, whereas the
lowest average rates are found in Ontario, Sweden, Beaverlodge, Radium Hill,
and France.  The average cumulative exposures (WLM) follow similar patterns,
although China and Czechoslovakia also have relatively large WLM because
miners in these countries were employed for relatively long periods.  Overall, the
average duration of exposure is short, 5.7 years, with China, Czechoslovakia,
Sweden, and France exhibiting somewhat longer durations.

Tables D-13 through D-15 provide similar information but limited to por-
tions of the cohort exposed at levels more directly applicable to estimating risks
at lower exposures and exposure rates.  Tables D-13 and D-14 show that Ontario
contributes 225 (40%) of the total of 562 lung cancers in exposed miners with

TABLE D-13 Number of person-years, lung-cancer deaths, and mean WLM
and WL among exposed miners with cumulative exposure less than 100 WLM

Number Number Weighted
of person- of lung Mean Mean Mean mean

Study years cancers WLMa durationa WLa WLb

China 41,656 72 48.2 4.0 1.1 1.2
Czechoslovakia 27,100 73 60.8 4.4 1.3 1.0
Colorado 17,956 20 43.4 0.9 4.6 7.4
Ontario 276,838 225 20.4 2.7 0.8 0.9

Newfoundland 18,251 18 19.5 16.9 2.0 4.7
Sweden 21,836 36 45.7 12.7 0.3 0.4
New Mexico 28,403 10 32.2 3.8 0.8 1.3
Beaverlodge 59,305 38 14.1 1.6 1.1 2.0

Port Radium 16,858 7 29.0 0.8 5.4 8.4
Radium Hill 24,047 30 7.5 1.1 0.7 1.0
France 33,087 33 29.9 8.8 0.4 0.6

Totalc 564,772 562 26.2 3.8 1.1 1.5

aWeighted by person-years; includes 5-year lag interval.
bWeighted by WLM received at each exposure rate.
cTotals adjusted for miners and lung cancers that were included in both the Colorado and New
Mexico studies.
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cumulative exposures less than 100 WLM, and 174 (49%) of the total of 353 lung
cancer deaths in miners with cumulative exposures less than 50 WLM.  Table
D-15 shows that Ontario and Sweden contribute 178 (71%) of the total of 251
lung cancers in exposed miners with average exposures less the 0.5 WL;  how-
ever, because of the longer duration of exposure in Sweden, the mean exposure
among those in this low-exposure-rate category is much lower for Ontario (10.7
WLM) than for Sweden (79.4 WLM). With the committee’s categorical expo-
sure-rate model, the quantitative risk estimates for exposure at residential levels
are based on the portion of the miner data with exposure rates less than 0.5 WL,
although estimates of parameters indicating the effects of attained age and time
since exposure were based on all miner data.

Table D-16 shows that the average age at first exposure is much lower in
China than in any of the other cohorts.  Table D-17 shows that there are no
striking differences among the cohorts with regard to the distribution of cancers
by attained age and time since last exposure although Sweden contributes little
information to the under 55 age category.  China contributes 735 (85%) of the
862 lung cancers among those first exposed under age 20 and all 54 lung cancers
among those first exposed under age 10.

TABLE D-14 Number of person-years, lung cancers, and mean WLM and
WL among exposed miners with cumulative exposure less than 50 WLM

Number Number Weighted
of person- of lung Mean Mean Mean mean

Study years cancers WLMa durationa WLa WLb

China 21,815 33 26.4 2.8 0.8 0.8
Czechoslovakia 9,182 11 27.4 2.5 1.0 0.7
Colorado 11,750 13 26.0 0.7 3.7 6.5
Ontario 244,785 174 13.9 2.2 0.7 0.5

Newfoundland 15,458 15 9.8 19.3 1.0 2.5
Sweden 12,625 17 25.7 9.3 0.3 0.3
New Mexico 20,504 6 16.6 3.4 0.5 0.8
Beaverlodge 55,717 31 10.5 1.4 1.0 1.5

Port Radium 12,127 2 15.5 0.8 3.2 5.3
Radium Hill 23,693 29 6.7 1.0 0.7 1.0
France 25,770 22 18.1 7.9 0.3 0.4

Totalc 454,159 353 14.8 3.2 0.9 1.0

aWeighted by person-years; includes 5-year lag interval.
bWeighted by WLM received at each exposure rate.
cTotals adjusted for miners and lung cancers that were included in both the Colorado and New
Mexico studies.
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Figures D-1 and D-2 present further information comparing various aspects
of exposure among the 11 cohorts.  Because of the considerable variation in the
numbers of miners and levels of exposure among the cohorts, it was necessary to
use different scales for the ordinates.  Figure D-1a contrasts the times and levels
of exposure and clearly illustrates the generally high levels in Colorado, New-
foundland, and Port Radium and the decreasing exposure levels in the 1950s and
1960s.  The very constant estimated exposure levels in China and Sweden cohorts
could reflect the use of natural ventilation in the early years of mining but could
also reflect the need to rely on retrospective evaluation of exposures because of
the absence of exposure measurements in the early years of mine operations.
Figure D-1b clearly shows the large size and long duration of employment for the
China cohort, the long duration of employment for the Sweden cohort, and the
strong rise and fall in employment for the Czechoslovakia and Ontario cohorts.
Figure D-1c shows the number of workers in follow-up by calendar year; these
numbers increase as cohort members are added but decrease as deaths occur.
Most of the miners still in follow-up in 1990 were in the Ontario and China
cohorts.

TABLE D-15 Number of person-years, lung cancers, and mean WLM and
WL among exposed miners with average exposure rates less than 0.5 WL (zero
exposure data omitted)

Number Number Weighted
of person- of lung Mean Mean Mean mean

Study years cancers WLMa durationa WLa WLb

China 1,106 9 35.6 9.6 0.31 0.38
Czechoslovakia 3 3 0 —c —c —c —c

Colorado 291 0 —c —c —c —c

Ontario 87,670 100 10.7 4.4 0.22 0.32

Newfoundland 7,362 8 8.4 4.1 0.16 0.28
Sweden 30,646 78 79.4 18.2 0.37 0.41
New Mexico 11,710 3 11.6 3.9 0.22 0.34
Beaverlodge 27,692 13 3.5 1.3 0.36 0.30

Port Radium 103 0 —b —b —b —b

Radium Hill 8,781 16 7.9 1.7 0.39 0.41
France 23,720 24 25.2 7.6 0.25 0.36

Totald 198,720 251 21.1 6.3 0.27 0.39

aWeighted by person-years; includes 5-year lag interval.
bWeighted by WLM received at each exposure rate.
cThere were no lung cancers and very few person-years in the Czechoslovakia, Colorado, and Port
Radium cohorts with average exposure rates < 0.5 WL, so means are not presented for these cohorts.
dTotals adjusted for miners and lung cancers that were included in both the Colorado and New
Mexico studies.
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Figure D-2 shows the number of miners in each of the cohorts by duration of
exposure and illustrates that miners with long exposure durations were predomi-
nantly in China, Czechoslovakia, Ontario, and Sweden.  This figure also illus-
trates the relatively short duration of employment for many of the workers in the
Ontario and Beaverlodge cohorts.

Data on Other Exposures

Some cohorts of underground miners have been exposed to dust, arsenic,
silica, and diesel exhaust in addition to radon progeny.  Because these exposures
are not expected in conjunction with residential exposure, a concern is that the
presence of such exposure in mines might have resulted in risks per WLM that
overestimate risks in the residential setting.  If relevant data are available, it is
possible to adjust partially for such exposures; thus, in cohorts in which these
exposures have occurred, the adequacy of available data is a factor in evaluating
the usefulness of the cohort in estimating residential risks.  However, because
such data are probably never sufficiently detailed and accurate to permit certainty
that adjustments are adequate, cohorts that are relatively free of such exposures
probably have the least potential for bias from this source.  Further discussion of
these exposures is found in appendix F.

Smoking is of concern as a confounder and because the high prevalence of
smoking among miners might have led to higher risks than would be expected in
the general population.  In addition, there is considerable interest in understand-

TABLE D-16 Follow-up period, year first exposed, age first exposed, and
years exposed

Mean among exposed

Follow-up Length of Year of first Age at first
Study period follow-up exposure exposure

China 1976-1987 10.2 1955.6 18.8
Czechoslovakia 1952-1990 25.2 1951.0 30.1
Coloradoa 1950-1990 26.3 1953.0 31.8
Ontario 1955-1986 17.8 1963.8 26.4

Newfoundland 1950-1984 23.3 1954.1 27.5
Sweden 1951-1991 25.7 1934.1 27.4
New Mexico 1943-1985 17.0 1965.6 28.0
Beaverlodge 1950-1980 14.0 1962.6 28.0

Port Radium 1950-1980 25.3 1952.3 27.6
Radium Hill 1948-1987 21.9 1956.0 29.2
France 1948-1986 24.7 1956.8 29.5

Total 1943-1991 17.7 1954.0 25.2

aExposures limited to <3,200 WLM.
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ing the modifying effects of smoking on risks associated with radon exposure.
These issues are discussed in detail in appendix C.  Tables D-1 to D-11 describe
the available data on smoking for each of the cohorts and also note analyses
related to smoking that have been conducted.

RESULTS OF STATISTICAL ANALYSES OF DATA ON
UNDERGROUND MINERS

Radon and Lung Cancer Risk:  A Joint Analysis
of 11 Underground Miners Studies

Analyses based on combined data from 11 underground-miner cohorts have
recently been conducted (Lubin and others 1994a) as a collaborative effort among
the principal investigators.  Those analyses provide the most comprehensive
summary of available data on lung-cancer risks in miners.  Although, as noted
above, the BEIR VI committee chose to base its risk model on analyses specifi-
cally conducted for this purpose, the committee relied on the NCI analyses for

TABLE D-17 Number of lung cancers among exposed miners, by attained
age, age at first exposure, and time since last exposure

Number of lung cancers by

Age at first exposure Time since last
Attained agea exposure exposure

Study < 55 55- 65+ < 20 20- 30+ < 5 5-15 >15

China 348 484 148 735b 131 70 121 293 522
Czechoslovakia 276 275 154 21 227 454 150 266 286
Coloradoc 134 105 97 47 83 204 54 110 170
Ontario 101 125 65 21 125 139 46 92 147

Newfoundland 71 35 12 25 42 45 40 41 31
Sweden 5 22 52 10 51 18 25 19 35
New Mexico 30 28 11 4 15 49 33 23 12
Beaverlodge 25 25 15 0 1 55 19 21 16

Port Radium 20 22 15 1 4 35 4 12 24
Radium Hill 15 20 19 0 8 24 1 5 26
France 21 17 7 1 12 32 12 17 16

Totald 1,039 1,156 592 862 695 1,120 500 893 1,284

aResults for attained age include lung cancers in unexposed minors.
b54 of these lung cancers occurred in miners first exposed under age 10 (no others occurred in such
miners).
cExposures limited to < 3200 WLM.
dTotals adjusted for miners and lung cancers that were included in both the Colorado and New
Mexico studies.
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FIGURE D-1 Mean WLM/yr, number of exposed miners, and number of miners
in each cohort by calendar year.
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FIGURE D-1 Continued
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detailed exploration of several relevant issues.  An objective of this appendix is to
summarize and evaluate these combined analyses.  For full detail, the reader is
referred to the NCI report or one of the related publications (Lubin and others
1995a,b, 1997).

The general approach taken in the NCI analyses was to model the hazard
(age-specific risk) as a function of exposure and other variables.  Specifically,
most analyses were based on linear relative-risk models in which the relative risk
(RR) is written as RR = 1 + βw, where w represents cumulative exposure in
WLM and β is the excess relative risk (ERR) per exposure.  Modification of risk
by such factors as exposure rate was investigated by fitting categorical models of
the form RR = 1 + βjw, where j indexes categories of the modifying factor or by
fitting models that treating such factors as quantitative variables, z.  With the
latter approach, both exponential models, RR = 1 + w exp(γ z), and power
models,  RR = 1 + wzγ, were fitted.

Although time since last exposure was evaluated with the approach de-
scribed above, time since exposure was handled by expressing the cumulative
exposure (minus a 5-year lag interval) as the sum of components received in
various time periods.  For example  w5-14 was the cumulative exposure received
5-14 years before the age at risk being evaluated.  Separate coefficients were then
fitted for the different time components.  This approach was similar to that used
by the BEIR IV committee, although the extended follow-up of the cohorts
allowed the inclusion of an additional category.

Analyses relied on internally based comparisons and did not make use of
external vital statistics.  With a relative-risk model, the risk of lung cancer is
expressed as the product of baseline risk and relative risk.  The baseline risk was
modeled by including separate parameters for each 5-year age group.  Some
analyses allowed the baseline risk to depend on calendar-year period, although
the final models did not do so.  When data were available, baseline risks were
adjusted for categories of arsenic exposure or for whether subjects had previous
mining experience.  For the Beaverlodge cohort, it was also found necessary to
introduce a parameter expressing the difference in baseline risks in exposed and
unexposed miners; and for New Mexico, analyses were adjusted for ethnicity.  In
joint analyses based on combined data from several cohorts, separate baseline-
risk parameters were estimated for each cohort.

The NCI report first presents separate analyses of each of the 11 cohorts,
starting with a simple model with a constant ERR/exposure, RR = 1 + βw.
Results from those analyses are shown in the first column of Table D-18.  Depar-
tures from linearity in each of the cohorts were then investigated by evaluating
models of the form RR = [1 + βwκ]eθw.  That was followed by investigation of the
modifying effects of attained age, age at first exposure, exposure rate, exposure
duration, time since last exposure, and time since exposure.  The effects of those
variables were investigated both individually and after the inclusion of other
variables.  Results for the individual cohorts based on exponential model are
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summarized in Table D-18.  Special analyses addressing the effects of smoking
and of other miner exposures were conducted for cohorts for which data on these
factors were available.  Those results are discussed in appendix A.

After presenting “parallel analyses” of each of the individual cohorts, the
NCI report presents joint analyses based on data from all cohorts.  Those joint
analyses evaluated the modifying effects of all the variables noted above, both
acting individually and in combination with other variables.  Analyses also inves-
tigated homogeneity both of the overall magnitude of the risk estimate and of
parameters describing effect modification.

On the basis of the analyses described above, evidence of an exposure-
response relationship was found for all cohorts evaluated, and this relationship
was found to be adequately described by a linear dose-response function (al-
though for Colorado it was necessary to restrict exposures to those less than 3,200
WLM to achieve consistency with linearity).  As in the BEIR IV committee
analyses, the magnitude of ERR/exposure was found to depend on time since
exposure and attained age.  In addition, ERR/exposure was found to depend on
exposure rate (or, alternatively, exposure duration), with an increase in risk with
decreasing exposure rate (or increasing exposure duration).  The magnitude of
ERR/exposure was not found to depend on age at start of exposure.  Modifying
effects of the above variables were judged to be reasonably consistent among the
11 cohorts.

The overall magnitude of ERR/exposure varied substantially among the co-
horts, ranging from 0.2 to 5.1 per 100 WLM, as is demonstrated in Table D-18.
Even after adjustment for the modifying effects of time since exposure, attained
age, and either exposure rate or exposure duration, evidence of heterogeneity
remained.  It was therefore necessary to include “between-cohort” variation in
expressing the uncertainty in the risk estimates.

Four models for estimating risks of lung cancer resulting from exposure to
radon and radon progeny were developed.  Two of them were based on continu-
ous treatment of modifying variables, and 2 were based on categorical treatment
of these variables.  The latter models were recommended as being more appropri-
ate for estimating individual risk for both occupational and residential exposure.
In addition, models based on both exposure rate and exposure duration were
developed.  The categorical models were very similar to those recommended by
the current BEIR VI committee, although parameter values differed slightly be-
cause of the changes in the data described earlier in this appendix.

Lifetime risks were estimated for each of these models, with separate esti-
mates for males and females and for ever-smokers and never-smokers.  In these
calculations, the same ERR was applied regardless of sex or smoking status (that
is, a multiplicative model was assumed).  Risk estimates were provided for both
lifetime and occupational exposure to radon and for a range of exposure rates.  In
addition, attributable risks associated with an estimated exposure distribution for
the United States were calculated.  For the additional calculations, the ERR was
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estimated separately for ever-smokers and never-smokers by using data from the
6 cohorts for which data on smoking were available.  Even though the data were
reasonably consistent with a multiplicative interaction, the best-fitting model was
submultiplicative, and, in separate analyses by smoking status, ERR for never-
smokers was estimated to be about 3 times that for ever-smokers.  Lubin and
Steindorf (1995) discuss the issue of accounting for smoking in calculating risks
and provide justification for the approach used for calculating attributable risks in
the NCI report; this same approach was used for the committee’s risk assessment,
as described in chapter 3.

Lifetime risks based on those models were similar to the risks based on the
comparable models developed by the BEIR VI committee.  No attempt was made
in the NCI report to evaluate uncertainty in the resulting estimates of lifetime
risk.  The analyses of the BEIR VI committee add greater attention to uncertainty,
as discussed in chapter 3 and appendix A.

Analyses Evaluating the Shape of the Exposure-Response Function

Current estimates of lung-cancer risks resulting from exposure to radon and
radon progeny at the lower exposures encountered in the residential setting have
been obtained through linear extrapolation from risk estimates derived from stud-
ies of underground miners.  The risk models presented in the NCI report are also
based on linear extrapolation, and this choice was made after evaluation of the
shape of the exposure-response function both in individual cohorts and in the
joint analyses.

To investigate departures from linearity on the multiplicative scale, models
of the form RR = [1 + βw]eθ (linear-exponential model) and RR = [1 + βwκ]
(nonlinear model) were fitted to determine whether nonzero values for the pa-
rameters θ and κ  substantially improved the fit of the model.  The analyses were
conducted with the entire exposure range for each of the cohorts and were
restricted to cumulative exposures less than 200 WLM.  Only for the Colorado
cohort was there clear evidence of nonlinearity; for this reason, analyses of this
cohort were restricted to cumulative exposures under 3,200 WLM; with this
restriction, tests for nonlinearity were no longer statistically significant.  For
other cohorts, the only instance where a p value less than 0.05 was achieved was
for the linear-exponential model in the Czechoslovakian cohort; in this case, the
p value for a test of γ = 0 was 0.03, whereas that for the nonlinear model was
0.07.  With 11 cohorts and 2 models, a single p value under 0.05 could occur by
chance.

Details on tests for nonlinearity are presented in the NCI report only for a
simple model that did not include modifying effects of other variables.  How-
ever, those tests were repeated with the variables included; the result was that
only for Czechoslovakia was there any evidence of significant departure from
linearity.
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As discussed earlier, there is evidence that the exposure-rate effect depends
on cumulative exposure.  If that were the case, the shape of the exposure-response
curve would necessarily be different for various fixed exposure rates; in particu-
lar, it could not be linear at all exposure rates.

Analyses Addressing the Modifying Effects of Attained Age,
Age at Exposure, Time Since Exposure,

Time Since Last Exposure, and Exposure Rate

The BEIR IV committee found that relative risk depended on both attained
age and time since exposure, and it included the modifying effects of these
factors in its recommended risk model.  Although the BEIR IV analyses indicated
that exposure rate modified risk in the Colorado cohort, such evidence was not
found in the other 3 cohorts, and the recommended model did not include modi-
fication by exposure rate.  No evidence of modification by age at first exposure
was found by the BEIR IV committee, but data on miners exposed under age 20
were sparse in the 4 cohorts evaluated (see Tables D-16 and D-17).

A difficulty in evaluating the effects of the variables considered in this
section is that they are all strongly interrelated.  As workers age, time since
exposure or time since last exposure might also be increasing.  It is also possible
that smoking habits changed with time, and available smoking data were not
adequate to evaluate how this might affect results.  For many of the cohorts,
exposure rates were much higher in the earlier calendar years than in later ones,
and the higher rates might predominate in the longer time-since-exposure peri-
ods.  In general, those dependences were addressed in the NCI report by evaluat-
ing the modifying effect of a specific variable after adjustment for other vari-
ables.  However, it is not possible to be certain that those adjustments were
adequate.

In describing the data over the range of the variables covered by them, it
might not be important whether or not a particular variable exhibits a causal
relationship or which variables are used to describe the observed pattern.  How-
ever, in extrapolating to values outside the range of the data, the choice of vari-
ables and how they are used to model the data can be very important.  For
example, if the effect of other variables were incorrectly attributed to exposure
rate, this could lead to erroneous estimates of risk at the relatively low rates
encountered in residential exposures.

Interactions among the modifying variables evaluated or with cumulative
exposure are also possible.  For example, the effect of time since exposure might
vary with age at exposure, or the effect of any of the variables might vary with
exposure rate or with cumulative exposure.  Such interactions were generally not
investigated, and it is doubtful that the available data are adequate to do so
effectively.  However, joint analyses estimating the various modifying effects
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were conducted with various restrictions on cumulative WLM; in general, these
analyses provided little evidence of important variation of modifying effects with
cumulative WLM.

The NCI analyses on which the final models were based did not include
adjustment of baseline risks for calendar year.  Analyses based on a simple linear
model without consideration of modifying effects of other variables were re-
peated with adjustment for calendar year; the results changed little.

Attained Age

Like previous analyses by the BEIR IV committee, the NCI analyses indi-
cated that ERR/exposure declined with attained age;  that is, the increase with age
in the excess lung-cancer risk attributable to radon was not as rapid as the back-
ground rate for the nonexposed.

Initial analyses examined the effect of attained age in each of the 11 cohorts,
treating this as both a categorical and a continuous variable.  With the categorical
treatment, significant effects were seen for the China, Czechoslovakia, Colorado,
Newfoundland, and New Mexico cohorts; with the quantitative treatment, Swe-
den and Port Radium could be added to this list indicated in Table D-18.  For all
cohorts, the estimated quantitative parameter indicated a decline in risk with
increasing attained age.  Joint analyses of the 11 cohorts indicated that the effect
persisted with inclusion of time since exposure and of either exposure rate or
duration and that there was no clear evidence of heterogeneity of this effect
among cohorts.

Age at First Exposure

Evaluation of age at exposure would require creating “windows” in a manner
comparable with the treatment of time since exposure.  As an alternative (and
simpler) approach, age at first exposure was examined.  For miners with short
exposure durations, the 2 variables should be highly correlated, but this is not
necessarily the case for miners with longer exposure durations.  In the China
cohort, which contributes many of the data on those exposed early in life, many
miners were employed for longer periods.

Only for the China cohort were there substantial data for persons exposed
under age 20.  Even in that cohort, few workers were first exposed under age 10,
and, exposure must have been skewed to the older end of the age range.  Age-at-
exposure effects that have been identified for low-LET exposure have been
strongest in the very young (UNSCEAR 1994).  Also, if the decline in risk with
attained age and time since exposure applies to those exposed early in life, risk
of radon-induced lung cancer would have become negligible by the ages when
lung cancer usually occurs, and this would greatly limit the ability to detect an
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age-at-exposure effect.  Whether the decline in risk with age and time depends
on the age at initial exposure was not investigated, and it is unlikely that data
were adequate to address this question adequately.

With a categorical treatment of age at first exposure, substantial improve-
ment in the fit of the model was observed only for China and Czechoslovakia.
With quantitative treatment (see Table D-18), New Mexico and France also
demonstrated such improvement.  For China, New Mexico, and France, the quan-
titative estimates indicated a decrease with increasing age at first exposure.  For
Czechoslovakia, the effect was in the opposite direction, but analyses by Tomás̆ek
and others (1994a), based on revised exposure and follow-up data, did not iden-
tify such an effect.  No clear trend was present with the categorical treatment
applied to all 11 cohorts and ERR/exposure for those under age 20 was generally
similar to ERR/exposure for those age 20 and older.  The effects of age at first
exposure were re-evaluated with inclusion of other variables (time since expo-
sure, attained age, and exposure rate or duration); details are not given, but this
approach did not lead to modification of the decision not to include age at first
exposure in the final model.

Time Since Exposure and Time Since Last Exposure

In initial analyses of individual cohorts, NCI addressed the effects of both
time since last exposure and time since exposure,1 with both treated as categori-
cal variables.  Inclusion of either of the variables substantially improved the fit of
the model (p < 0.05) in the China, Czechoslovakia, Colorado, Newfoundland,
and Port Radium cohorts.  For the Beaverlodge cohort, time since last exposure
substantially improved the fit, but time since exposure did not, and, in general,
the improvement in fit seemed to be stronger for time since last exposure.  For
cohorts with substantial improvement in fit, ERR/exposure was found to decrease
with either decreasing time since last exposure or decreasing time since exposure.
Limited power could have been the reason that effects were not demonstrated in
the remaining cohorts; the Ontario cohort was the only large cohort in this
category.

Analyses with time since last exposure treated as a quantitative variable were
also conducted and were based on the exponential model (see Table D-18).
Using this approach, all cohorts noted above showed a substantial improvement
in fit; in addition, such an improvement was found for the Swedish cohort.  In all

1To address the effects of time since exposure (as opposed to time since last exposure) on radon-
induced lung cancer, separate parameters were fitted for each of 4 time-since-exposure windows.
This model can be written RR = 1 + β w*, where w* = θ1 w5-14 + θ2 w15-24 + θ3 w25-34 + θ4 w35+
and θ1 is set equal to 1, and where, for example, w5-14 indicates the exposure received 5-14 years
earlier.  This is the same approach as used in the BEIR IV report, although BEIR IV combined the
last 2 categories; the last 2 categories were also combined in the NCI analyses for some cohorts with
insufficient data.
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but Radium Hill and France, the estimated effect indicated a decline in risk with
increasing time since last exposure.

Joint analyses of data from all 11 cohorts were based on time-since-exposure
windows.  Time since exposure was found to significantly improve the fit of the
model even after inclusion of attained age and of either exposure rate or exposure
duration.  Joint analyses also included specific statistical tests to address the
homogeneity of the time-since-last-exposure effect across cohorts after adjust-
ment for other variables.  Those analyses, which treated time since last exposure
as a quantitative variable, provided evidence that the modifying effects of this
variable varied significantly across cohorts.  No analyses addressing lack of
homogeneity of time since exposure effects are presented.

Although results based on both time since exposure and time since last
exposure are presented, it is difficult to separate the effects of these 2 vari-
ables, because many miners had fairly short durations of exposure.  Com-
parison of p values for the 2 approaches applied to individual cohorts suggests
that time since last exposure improved the fit slightly more than time since
exposure.

Another aspect of the time-since-exposure effect is the minimal latency pe-
riod.  To address that issue, analyses based on each of several lag periods were
conducted. They indicated that the 5-year lag period was a reasonable choice.

Exposure rate and duration of exposure

Considerable variation in exposure rate occurred among the 11 cohorts.  The
highest exposure rates generally occurred in early calendar-year periods, and they
declined in later years.  Exposure rate varied from < 0.3 WL to more than 30 WL,
and exposure duration varied from < 1 year to more than 35 years.

It is important to note that exposure rates for individual miners must be
inferred from average estimates of both WL and hours spent in the mine in a
specific period.  In most cohorts, these values were available only on an annual
basis, and both were subject to measurement error.  A particular concern is that
earlier measurements, when exposure rates were largest, were generally subject
to much greater errors than later measurements.

Analyses treating both exposure duration and average exposure rate as cat-
egorical variables were conducted for each of the 11 cohorts.  For exposure
duration, significant improvements in fit were found for all cohorts except
Ontario, Sweden, Radium Hill, and France.  For exposure rate, significant im-
provements were found for all cohorts except Sweden, New Mexico, Port Ra-
dium, Radium Hill, and France.  The direction of these effects with quantitative
treatment of exposure rate indicated a decrease in risk with increasing exposure
rate in all cohorts except France (see Table D-18).

Because higher exposures were generally observed in earlier periods of mine
operation, there was concern that the exposure-rate effect might represent a time-
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since-exposure effect.  However, the exposure-rate effect persisted after adjust-
ment for time since exposure.

Considerable effort was given to determining whether the effect of exposure
rate was best described by using exposure rate directly or by using exposure
duration and to determining whether a power or exponential model was more
appropriate.  The analyses did not provide a clear-cut answer, and final risk
models used power models for both exposure rate and exposure duration.  Analy-
ses addressing homogeneity of the effect across cohorts provided evidence of
lack of homogeneity for exposure rate with the exponential model but not for the
other models evaluated (duration with the exponential model and both rate and
duration with the power model).

Brenner and Hall (1990) have postulated that the inverse exposure-rate effect
might be primarily a high-dose (or high-dose-rate) phenomenon.  The NCI report
presents ERR/exposure estimate by categories defined by both cumulative expo-
sure and exposure rate.  These suggest that the exposure-rate effect is strongest
at the highest cumulative exposures, but data are inadequate to estimate the
exposure-rate effect reliably at very low cumulative exposures.

Lubin and others (1995b) recently conducted further analyses of data from
the 11-underground miner cohorts addressing the inverse exposure-rate effect.
These analyses confirmed inverse exposure-rate effects in all cohorts but one.
Separate measures of the exposure-rate effect (based on the power model) were
estimated for each of 6 categories defined by cumulative exposure, and they
indicated a lessening of the effect with decreasing exposure.  Data in the lowest
exposure category (< 50 WLM) were compatible with no inverse exposure-rate
effect.

Most of the NCI analyses were based on either total duration of exposure or
average exposure rate obtained as the total WLM divided by exposure duration.
Although those variables were allowed to change as miners were followed, analy-
ses did not take full account of the variation in exposure rate that might have
occurred over a miner’s employment period.  For example, once the exposure
was completed and the latency period had passed, a miner with a constant expo-
sure rate of 4 WL would be treated similarly to a miner with an exposure rate of
7 WL for the first half of his exposure period and similarly to a miner with a rate
of 1 WL for the second half.  For miners with longer exposure periods, this
approximation might not have been adequate.  However, analyses were con-
ducted that included separate estimates of the modifying effect of exposure rate
(or exposure duration) for each of 4 time-since-exposure windows; these analy-
ses yielded no indication that this treatment improved the fit over analyses based
on a single average exposure rate.

Tomás̆ek and others (1994a) and Thomas and others (1994) conducted analy-
ses of data from the Czech and Colorado cohorts, respectively, in a way that took
into account detailed exposure rate histories.  They fitted a model based on Σi wi

φ,
where i indexes periods (months for the Czech cohort and years for the Colorado
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cohort), and wi indicates the exposure rate in period i.  It can be shown that if the
exposure rate were constant over the entire exposure period, then φ – 1 would
correspond to γ in the power model described above that was applied in the NCI
combined analyses.  For both the Czech and Colorado data, φ – 1 was estimated
to be about –0.5.  The comparable values estimated for those cohorts in the NCI
analyses were similar: –0.66 for the Czech cohort and –0.78 for the Colorado
cohort.

Arsenic and Other Exposures

Two of the miner cohorts (China and Ontario) had quantitative data on
arsenic exposure, and Ontario, Colorado, New Mexico, and France had data
indicating whether miners had previous mining experience.  Analyses were con-
ducted to investigate the effect of those variables on lung-cancer risks after
adjustment for radon WLM.  Risks were found to increase with increasing arsenic
exposure and to be larger for subjects with previous mining experience than for
subjects without such experience. ERR/exposure for radon exposure was esti-
mated both with and without adjustment for arsenic exposure or previous mining
experience.  For the China cohort, that reduced ERR/exposure from 0.61% to
0.16% but did not have a large effect on estimates from the other cohorts.  There
was no significant variation in ERR/exposure across categories of arsenic expo-
sure or previous mining experience.  It is noted that in all NCI analyses discussed
thus far, the baseline risk was adjusted for arsenic and other exposures in cohorts
for which data were available.  It is possible, of course, that inadequate data or
lack of data on such exposures could have biased results for any of the cohorts.

The effect of exposure to silica was investigated by Samet and others (1994)
By examining whether the presence of silicosis, a fibrotic lung disease caused by
silica, was associated with lung cancer in a case-control study of New Mexico
underground uranium miners. No evidence of such an association was found, but
data were too sparse to rule out the possibility that silica exposure could substan-
tially bias lung-cancer risk estimates for miners.  Radford and St. Clair Renard
(1984) investigated the role of silicosis in a case-control study and found no
evidence of association with lung-cancer risk.

Overall Evaluation of Statistical Analyses Conducted
Thus Far, with Emphasis on NCI Report

Overall, the NCI analyses provide a comprehensive summary of nearly all
the relevant data on underground miners exposed to radon and radon progeny.
The application of the same methods to all cohorts (parallel analyses) facilitate
comparing results across cohorts, and combining data across cohorts (joint analy-
ses) provides greater power for investigating various issues than would be avail-
able from any single cohort.  The statistical methods are appropriate and in
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general provide an extremely thorough investigation of issues that are important
for radon risk assessment.  Careful attention is given to investigating the homoge-
neity of effects across cohorts and to determining which models provide the best
description of the data.

Nevertheless, additional analyses might be desirable.  For example, investi-
gation of age at exposure was limited to consideration of age at first exposure,
possibly because the use of “windows” for both age at exposure and time since
exposure would have been too cumbersome with the use of Poisson regression.
Analyses based on age at exposure would be desirable especially if substantial
numbers of workers with very early ages at start of exposure continued to be
exposed for many years.

The NCI analyses of exposure rate (or exposure duration) were limited pri-
marily to consideration of average exposure rate and did not take account of
detailed exposure histories.  However, efforts by Tomás̆ek and others (1994a)
and by Thomas and others (1994) to use those histories more precisely yielded
results that were similar to those obtained in the NCI analyses and based on the
average exposure rate.

The NCI analyses did not take account of errors in the exposure measure-
ments (including estimates of both exposure rate and duration, both of which are
needed to estimate exposure).  Those errors are generally thought to be largest for
early periods of mine operations, when exposure rates were highest.  In addition,
there is considerable variation in the quality of exposure measurements across
cohorts.  In general, random error in exposure measurements tends to bias overall
risk coefficients downward and might also distort the shape of the exposure-
response curve.  Because estimates of exposure in early years of mine operations
are often subject to greater errors than estimates in more recent years, estimates
of the modifying effects of exposure rate and possibly of other time-related
factors might be exaggerated.  Statistical methods are available for adjusting for
exposure-measurement errors but tend to be difficult to use.  Furthermore, the
application of those methods requires that the error structure be specified, an
extremely difficult undertaking, given the complexity of the structure and the
lack of adequate data for quantifying many sources of error.

It is difficult to investigate the separate modifying effects of the variables
evaluated in the NCI analyses, and this could have important implications for
extrapolating to values outside the range of the data.  A general difficulty is that
we do not have adequate knowledge of the biologic rationale of patterns of risk
associated with various factors.  The lack of adequate biologic understanding has
necessitated the descriptive approach taken in the NCI analyses and in analyses
conducted to develop the BEIR VI risk models.  However, despite its limitations,
the descriptive approach provides extremely valuable information and very likely
must serve, with appropriate caution, as the basis for developing risk estimates
for both occupational and residential exposure.
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INTRODUCTION

The epidemiologic studies of underground miners have become the principal
basis for estimating the quantitative risk of lung cancer associated with exposure
to radon progeny.  As a result, there has been persistent concern about the extent
of error in estimates of the exposures of the underground miners to radon progeny
and of any resulting bias in risk estimates.  The exposures of the underground
miners have been estimated on the basis of incomplete information and ad hoc
procedures have been used to complete gaps in the measurement data.

The BEIR IV committee recognized the potential for measurement error to
affect risk estimates and consequently, the BEIR IV report provided extensive
descriptions of the approaches used to estimate exposures in the four cohorts
that served as the basis for the risk model.  Since publication of the BEIR IV
report, there has been increasing methodologic research on measurement error
and its consequences, and on methods for adjusting for bias resulting from
measurement error (Thomas and others 1993).  The number of cohorts used to
develop the BEIR-VI risk model has been increased from the four used by
BEIR IV to 11, bringing a need to understand the varying approaches followed
to assess exposures among the cohorts.  Additionally, exposures have been re-
estimated for several studies, giving insights into the potential magnitude of
error in the studies.

The presence of errors in the exposure estimates for the miners has been
widely recognized.  Some investigators have addressed the problem by carrying
out subgroup analyses.  Risk patterns for miners considered as having the “better”

Appendix E

Exposures of Miners to Radon Progeny
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exposure data were compared to risk patterns for miners with the “poorer” expo-
sure data.  Criteria for the identification of subgroups having better quality expo-
sure data were based on surrogate indicators, such as calendar year of first
employment, calendar year of follow-up, age at first employment, or exposure
rate. Another approach was to limit analyses to miners with the more extensive
measurement data.  In more recent years, some mining companies have devel-
oped individual estimates of exposure, using increasingly extensive radon prog-
eny measurement data and detailed information on exposure time and work loca-
tion.  This era of improved exposure assessment temporally corresponds to the
lower radon progeny levels in modern mines and corresponding lower total expo-
sure values (Jhm–3 or WLM), compared with earlier years.  In addition, relatively
few miners started working after the improved exposure assessment procedures
were put in place.  Thus, information on risks to these more contemporary miners
is still limited.

For a truly linear exposure-response relationship, it is widely recognized that
misspecification of exposures tends to reduce the gradient of the trend, and to
induce curvilinearity, from below.  However, it is less well-recognized that
misspecification of exposure does not always bias the exposure-response towards
the null (Dosemeci and others 1990), although with the error patterns that prevail
among the miner data sets, error would be unlikely to steepen the exposure-
response relationship.  With multiple exposure variables subject to error, for
example, exposure to radon progeny, exposure to arsenic-containing dusts and
cigarette-smoking, correlations among the variables could lead to either positive
or negative bias in the radon progeny exposure-response relationship.

Interpretation of analyses of the miner data is further complicated by the
relationships among radon progeny level, calendar year, and degree of error.
High radon progeny levels generally occurred in the earliest years of operations
of the mines and the high levels tended to occur during an era with limited
numbers of measurements, incomplete coverage of work areas, and measure-
ments of radon rather than radon progeny.  In addition, work histories were
usually less accurate in the early years of mining operations.  Moreover, improve-
ments in ventilation and reduction of radon levels were generally carried out over
an extended period of time.  Any attempt in analysis to designate specific years as
“good” versus “bad” with regard to data quality is of necessity a substantial
oversimplification.

Exposure estimation required work history information on time spent under-
ground, which in most of the studies was obtained from company employment or
medical history records.  Thus, errors in the estimation of radon progeny expo-
sure depended on the completeness and accuracy of these data.  Exposure estima-
tion was further compromised in some studies by lack of information on expo-
sures that occurred outside the recorded work periods, and prior or subsequent to
employment in the study mines.  For example, some miners in the Colorado
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cohort were reported to mine on weekends, although the specific details on the
amount of extra time and the exposed miners were lacking.

The impact of measurement error on radiation risk estimates was explored in
the study of atomic-bomb survivors (Jablon 1971).  Analyses were also con-
ducted by Pierce and others (1990) using the Lifespan Study data.  The intent was
to adjust the linear dose-response estimate to account for random error in the dose
estimates.  The investigators assumed that errors in dose estimates were propor-
tional to dose, and therefore worked on the logarithm scale for dose.  Using a log-
normal error distribution and a plausible estimate of error of about 30%, the
authors found that the adjusted dose-response estimate was about 5 to 15% greater
than if account was not taken of exposure error.

This appendix brings together information on exposure estimates made for
the miners in the epidemiologic studies and related work on error in these esti-
mates.  One annex to the chapter describes the basis for the exposure estimates in
each of the studies.  An additional annex provides the proceedings of a workshop
convened by the committee on exposure estimates; valuable insights were gained
from participants who were extremely knowledgeable on the history of the U.S.
and Canadian uranium mining industries and consequently the BEIR VI commit-
tee has included the proceedings in its report.

ESTIMATION OF EXPOSURES OF MINERS TO RADON PROGENY

Published descriptions of the mines that are the basis of the epidemiologic
studies indicate that the sources of radon included the ore being mined, air flow-
ing into the areas where miners were working, and radon-containing water in the
mines (NRC 1988; Lubin and others 1994a).  Under the circumstances of mine
operation, it is likely that concentrations of radon and progeny varied spatially
and temporally within a particular mine, although little data have been published
that document such variation.  In the New Mexico mines, for example, informa-
tion presented at the committee’s workshop on dosimetry documented extensive
variation in concentrations of radon progeny across various locations within mines
in Ambrosia Lake, New Mexico (Table E-1).  Thus, exposure estimates for
individual miners would be ideally based on either a personal dosimeter, as used
for low-LET occupational exposures, or on detailed information on concentra-
tions at all locations in mines where participants in the studies received exposure
(SENES 1989).  For the participants, information would be needed on the loca-
tions where time was spent, the duration of time spent in the locations, and the
concentrations in the locations when the miners were present.  A miner might
have spent time in a number of different locations during a typical working day
including the stope (the area where mining actually takes place), the haulage way
leading to the stope, and perhaps a separate lunch area.  Personal dosimeters for
radon progeny have not been developed until recently and their usage has been
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TABLE E-1 Measurement data for individual mines in New Mexico

Mine Dates Location Working Level (WL)

A 5/5-13/60 Room 6-1, SE Area 6.8
Room 9-1, SE Area 15.2
Station 10.0
Room 9-1, SE Area 5.0a

Room 6-1, SE Area 4.6a

Room 8-1, SE Area 6.7a

1 Left-15, NW Area 0.1a

Station 2.4a

8/5/60 Station 20.2
13 West 3.9

8/10-11/60 Station 10.6
11 West, N End 0.9
11 West, N End 1.1
Shaft Collar 15.0
Station 9.6a

Shaft Collar 10.8a

B 2/19/60 Near old magazine 37.0
Slusher station 25.0
Ventilation course 16.0
Station 20.0

9/29/60 Breakthrough to drift 26.0
Breakthrough to drift 27.0
Drift 1.5
Top of fresh air incline 2.0
Station 23.5

6/15-16/61 Shop 0.5
Station 0.4
South area 10.5
Drift 10.3
South area 9.0a

Drift 6.2a

Station 3.4a

aMeasured after intervention.

limited, and detailed information on concentrations within mines and time spent
in various locations has not been available to most of the epidemiologic studies.

In the epidemiologic studies, these ideal approaches have been replaced by
various, pragmatically determined strategies for exposure estimation that draw
on measurements made for regulatory and research purposes and extend the
measurements using interpolation and extrapolation to complete gaps for mines
in particular years.  Additionally, missing information for mines in the earliest
years of some of the studies was completed by either expert judgment or by
re-creation of operating conditions.  The numbers of measurements made also
varies widely across the different studies included in the pooled analysis and
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within studies the numbers of measurements tend to be greater in the later years
of operation of the mines, when the exposures were generally lowest.

A pilot case-control study of lead-210 levels in the skull and lung-cancer risk
in the Chinese tin miners points to the promise of this technique for exposure
estimation.  In this study, exposures are estimated for 19 miners with lung cancer
and 141 age-matched controls.  Lead-210 levels were measured in the skull and
lung-cancer risk was estimated in relationship to lead-210 level estimated for the
time of last radon exposure.  There was a gradient of risk with exposure.  This
technique is also applied in an exploratory fashion with former uranium miners in
New Mexico (Lauer and others 1993).

PREVIOUS WORK ON ERRORS IN EXPOSURE
ESTIMATES IN STUDIES OF MINERS

Cohort Study of Colorado Plateau Uranium Miners

Epidemiologists conducting research on lung cancer in radon-exposed min-
ers have long been aware of the potential for measurement error.  The study of
Colorado Plateau uranium miners conducted by the U.S. Public Health Service
involved approximately 4,000 men, both whites and Native Americans, who
worked in thousands of mines scattered across remote regions of four states.
Measurements were not made regularly in all of the mines and no measurements
were made in some of the mines.  Consequently, the investigators based expo-
sures on the actual measurements and on interpolated and extrapolated concen-
trations and on “guesstimates”.  For mines with missing data, concentrations
were imputed from other mines in a hierarchy that began at the level of mining
district and moved to the state level (see description in this chapter).

A descriptive evaluation of the consequences of using this approach was
published in Joint Monograph No. 1 of the National Institute for Occupational
Safety and Health and the National Institute for Environmental Health Sciences
(Lundin and others 1971).  The coefficient of variation was provided by year and
by average concentration value (Jm–3 or WL) for the small number of mines with
at least five or more samples in a particular year.  The coefficient of variation
tended to be less than 100 percent and not to vary over time.

To assess error associated with their interpolation procedure for complet-
ing gaps in measurements of radon progeny concentrations, the investigators
used data for the mines having the longest period of continuous radon progeny
measurements to compare estimated with actual values.  Comparisons were
made for mines during three periods, 1952-1954, 1956-1960, and 1960-1968.
Lundin and others (1971) compared actual values to estimates based on aver-
aging adjacent years.  This analysis showed that the error was greatest for the
earliest time period; because of the general trend of declining progeny concen-
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trations, backward projection tended to underestimate and forward projection
to overestimate.

A further analysis was directed at the imputation of missing values based on
mining locality.  Four of the largest uranium mining areas were selected for this
analysis.  Individual mines were omitted from the calculation of the average for
the locality and the average for the locality was compared to the actual measure-
ments.  The differences tended to be large for the earliest years and declined
substantially by 1968.  The direction of bias tended to be positive; the investiga-
tors reported that during the four years considered, 55 to 70 percent of the esti-
mates exceeded mine averages based on measurements.

This report also examined the potential for distortion of the results by errors
in exposure assessment.  Standardized mortality ratios (SMR) for lung-cancer
deaths for miners who had 25% or more of their cumulative exposure based on
measurement data (called exposures of the “highest quality”, 1,325 miners in-
cluding 20 lung-cancer cases, from a total of 3,325 miners and 70 lung-cancer
cases) were compared with SMRs for miners with and without previous hardrock
mining experience, which was used as a surrogate for previous radon progeny
exposure.  While this analysis of previous hardrock mining experience does not
directly address exposure error and the quality of the exposure estimates, expo-
sures for miners with previous mining are likely estimated with substantial error.
Results of the comparison of the highest quality data and mines with and without
previous hardrock experience are displayed in Figure E-1.  In this informal analy-
sis, there was no difference in the exposure-response for the high quality expo-
sure data and either those with or without previous hardrock mining experience.

The 1987 National Institute for Occupational Safety and Health document, A
Recommended Standard for Occupational Exposure to Radon Progeny in Under-
ground Mines (NIOSH 1987), includes a systematic attempt to quantify the errors
associated with the exposure (Jhm–3 or WLM) estimates for participants in the
Colorado Plateau Study.  Following the approach of Joint Monograph No. 1
(Lundin and others 1971), four sources of error were identified:  1) actual mea-
surements; 2) interpolation or extrapolation in time; 3) geographic area estima-
tion; and 4) estimates for years prior to 1950 when measurements were largely
unavailable.  The estimated coefficients of variation for each of these sources of
error were 1.13, 1.21, 1.49, and 1.86, respectively.  A pooled estimate of 1.37 was
calculated as a weighted average.  Using this figure, an average coefficient of
variation of 0.97 was estimated for the cumulative exposure received by the
miners.  The report comments that if these errors are lognormally distributed then
there would be minimal bias in the preferred power function model for the expo-
sure-response relationship of lung-cancer risk with exposure to radon progeny.
The possible effects of systematic errors were not considered.

At a 1994 BEIR VI committee workshop, Dr. Duncan Thomas presented
preliminary results from an analysis of exposure errors using a method for infer-
ring annual dose rates directly from miners’ exposure histories, allowing for gaps
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in exposure.  Data from the 1987 follow-up of the Colorado miners were used.
Unlike the Colorado data set used in the committee’s analysis of pooled miner
data, Thomas did not limit exposures to < 11.20 Jhm–3 (< 3,200 WLM).  Several
assumptions were made that represented a simplified characterization of the true
error structure (Table E-2).

Thomas considered the effects of exposure error on curvilinearity, and the
modification of the exposure-response relationship by time since exposure and
exposure rate.  Table E-3 shows that there was significant curvilinearity in the
exposure-response trend if no adjustment was made for exposure errors (χ2

1 =
5.22, p = 0.02).  With adjustment for error, the deviation from the linear
exposure-response model was not significant (χ2

1 = 1.94, p = 0.16).  For the linear
model and the linear-exponential model, the magnitude of the exposure-response
trend increased when adjustment was made for exposure errors.  Further, the
estimate of β for the linear model with error adjustment was about the same
magnitude as the unadjusted linear-exponential model, suggesting that the curvi-
linearity was largely the result of exposure errors.

FIGURE E-1 Standardized mortality ratios for Colorado Plateau uranium miners study
by cumulative radon progeny exposure and quality of exposure data (Lundin and others
1971).
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The consequences of adjusting for exposure error on the effects of time since
exposure and exposure rate were also considered by Thomas.  Results indicated
that adjustment for errors had little effect on the pattern of risk with time since
exposure, but adjustment for errors reduced the effects of exposure rate (Tables
E-4 and E-5).

The analyses suggested that exposure errors were likely to have had their
greatest influence on the modeling of the inverse exposure-rate effect.  However,
the precise magnitude of the influence of the adjustment for errors was uncertain,
due to limitations of the analysis.  For example, exposure rates were inferred,
rather than computed directly from mine records and measurement data, and the
assumption that errors were independent across individuals can be questioned,
since the same concentration value Jhm–3 (WL) would often be given for all

TABLE E-2 Assumptions made by D. Thomas in analysis of exposure errors
in the Colorado Plateau uranium miners study presented to the committee

• Classical error model applied to annual exposure rates
• True exposure rate in WLM/yr (x) has a Weibull distribution
• Observed exposure rate z=xu, where the error distribution (u) is log-normal with mean 0
and standard deviation:

– CV = 1.00 before 1960, 0.50 after 1960 (large error)
– CV = 0.50 before 1960, 0.25 after 1960 (small error)

• True exposure x integrates over time to produce cumulative exposure X.
• Relative risk (RR) models:

– Curvilinearity: RR = 1 + βxe
–αX

– Time since exposurea: RR = 1 + β(x5-9 + θ2x10-19 + θ3x20+)
– Exposure-rate:

Model 1: RR = 1 + ∫t0βx(u)x(u)γdu
Model 2b: RR = 1 + βxe

–γx
_

ax5-9, x10-19, and x20+ denote true exposures accumulated 5-9, 10-19, and 20 years and more prior to
age at risk.
b–x is average exposure-rate while exposed.

TABLE E-3 Parameter estimates and change in deviance for modeling
curvilinearity in the exposure-response for the Colorado data.a  Adjusted
estimates account for error in exposures.  Presented to the committee by D.
Thomas

βx100 α Change in deviance

Unadjusted 0.40 —
0.69 –0.011 5.2

Adjustedb 0.73 —
1.08 –0.012 1.9

aModel of the form: RR = 1 + βxe–αX where x is cumulative exposure in WLM.
bAssumed error: CV=1.00 before 1960 and CV=0.50 after 1960.
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workers in a particular mine and workers’ movements among mines or among
companies were not independent.  Finally, in his presentation Thomas indicated
that the Weibull distribution provided a poor fit to the exposure rate data.

Cohort Study of New Mexico Uranium Miners

Samet and others (1986b) addressed several issues in the estimation of expo-
sures for the New Mexico uranium miners.  For selected years, relatively large
numbers of measurements had been made in the large mines of Ambrosia Lake.
During several day visits to the mines, the mine inspectors sometimes made over
100 measurements.  Samet and colleagues addressed the most appropriate param-
eter for summarizing the measurements.  In New Mexico, the inspectors from the
state calculated a person-weighted index, termed the “Total Mine Index” which
weighted the measurements by the approximate number of workers associated
with the measurement by the inspector.  Using the Total Mine Index as the
standard for comparison in a regression analysis, Samet and colleagues compared
the performance of the arithmetic mean and various trimmed means and the
median in estimating the Total Mine Index.  The arithmetic mean was found to be

TABLE E-4 Parameter estimates and change in deviance for modeling time
since exposure in the exposure-response for the Colorado data.a  Adjusted
estimates account for error in exposures.  Presented to the committee by D.
Thomas

βx100 θ2 θ3 Change in deviance

Unadjusted 1.26 0.65 0.13 19.2
Adjustedb 1.92 0.80 0.15 23.8

aModel of the form: RR = 1 + β(X5-9 + θ2X10-19 + θ3X20+) where X5-9, X10-19, and X20+ are
cumulative WLM exposures 5-9, 10-19, and 20 years and more prior to age at risk.
bAssumed error:  CV = 1.00 before 1960 and CV = 0.50 after 1960.

TABLE E-5 Parameter estimates and change in deviance for modeling the
effect of exposure rate on the exposure-response for the Colorado data.a

Adjusted estimates account for error in exposures.  Presented to the committee
by D. Thomas

βx100 α Change in deviance

Unadjusted 0.40 —
1.89 –0.35 8.0

Adjustedb 0.73 —
1.06 –0.21 2.0

aModel of the form: RR = 1 + ∫t0βx(u)x(u)γdu where x is exposure rate in WLM/yr.
bAssumed error:  CV = 1.00 before 1960 and CV = 0.50 after 1960.
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an unbiased predictor of the Total Mine Index, suggesting that measurements had
been made in approximate proportion to the distribution of the exposed miners
within the mine.  The median was lower than the mean and the Total Mine Index,
as anticipated for the skewed distribution of the measurements.

Cohort Study Of Czechoslovakian Uranium Miners

Estimation of the “true” exposures for all miners in the epidemiologic stud-
ies is not currently feasible.  However, improving the overall quality of study data
reduces the effects of errors.  Recent analysis of the study of Czech uranium
miners (sometimes referred to as the West Bohemian uranium miners) have
resulted in two rather different estimates of the ERR/exposure.  An analysis by
Tomás̆ek and others (1994a) estimated the ERR/exposure in WLM as 0.0064 (95
percent CI 0.004, 0.011), while in the pooled analysis of 11 cohorts, Lubin and
others (1994a) estimated the ERR/exposure in WLM for the Czech study as
0.0034 (95 percent CI 0.002,0.006).  The former estimate was based on using
male Czechoslovakian lung-cancer mortality rates as an external referent popula-
tion, while the latter estimated was based on an internal referent population
(Tomás̆ek and Darby 1995).

Tomás̆ek and Darby (1995) showed that methodologic differences did not
explain the different estimates of ERR/exposure, but that the principal difference
in the two estimates was the result of improvements in two aspects of data
quality.  First, follow-up information was re-examined, using additional sources,
such as pension offices, and local inquiries.  These efforts resulted in an increase
in the number of deaths and a reduction in the number of miners who were lost to
follow-up.  Following the reevaluation, the number of lung-cancer deaths in-
creased from 661 to 705.  However, the added number of lung-cancer deaths had
minimal impact on the ERR/exposure estimate (Tomás̆ek and Darby 1995).  Sec-
ond, exposures for all miners were re-assessed, correcting arithmetic and tran-
scription errors and, for some men, accounted for exposures at other uranium
mines which previously had not been included.  Revised exposures were recom-
puted for each miners for each month of employment.

Improving the exposure data nearly doubled the estimate of ERR/exposure.
It should be noted that the Czech data, along with the Colorado data, exhibited
curvilinearity in the exposure-response in the pooled miner analysis.  Unlike the
Colorado data (see below), the exposure-response relationship in the Czech data
continued to exhibit significant curvilinearity after the exposure reassessment
(Tomás̆ek and Darby 1995).

Cohort Study of Beaverlodge Uranium Miners

Exposures have also been recalculated for the Beaverlodge, Canada, cohort
of uranium miners for those included in a case-control study of lung cancer,
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smoking, and radon-progeny exposure (L’Abbe and others 1991).  The new
exposures replaced the median by the arithmetic mean for the assignment of
values to mines and company records were used to place the participants in more
specific areas within mines rather than simply using mine-wide averages (Howe
and Stager 1996).  The new exposure estimates were higher than the previous
ones: 0.28 Jhm–3 (81.3 WLM) versus 0.18 Jhm–3 (50.6 WLM).  The new and old
values were moderately correlated (r = 0.66).  There were few major changes in
individual estimates.

The estimated excess relative risks were calculated for the cohort study and
the case-control study with original exposure estimates and for the case-control
study with the new exposure estimates.  The values of ERR/exposure were 0.01/
100 Jhm–3 (2.63/100 WLM) for the cohort study, 0.01/100 Jhm–3 (2.70/100 WLM)
for the case-control study with the original exposure estimates, and 1/100 Jhm–3

(3.25/100 WLM) for the case-control study with the new exposure estimates.
The authors attributed the increase in the estimate of excess relative risk with the
new estimates to reduction in measurement error which more than compensated
for the increase in average exposure.

General Assessments Of Exposure Error In Miner Studies

 In 1989 the effects of exposure error were considered for the Czechoslova-
kia, Colorado, Ontario, Sweden, Beaverlodge, and Port Radium studies in a study
conducted by SENES Consultants Limited in Canada (SENES 1989).  This report
described several sources of uncertainty in the miner studies and was one of the
earliest efforts to address the consequences of error analytically.  The focus was
on adjusting the exposure-response parameter for the excess RR model and for
the absolute excess risk model.  The approach was limited, because the authors
did not have access to data on individual miners and utilized only published RRs
within categories of exposure (Jhm–3 or WLM).  No attempt could be made to
evaluate patterns of error for different mining periods within a study.  For the
excess RR model, the authors estimated that the most likely range for the ERR/
exposure parameter for this group of studies was 0.009 to 0.00005 per Jhm–3

(0.005 to 0.015 per WLM).
In the pooled analysis, Lubin and others (1994a) considered the impact of

errors in exposure only in the most general way and only within the context of the
modification of the exposure-response relationship by exposure rate and expo-
sure duration.  Exposure error was considered greatest in the earliest years of
mining, years in which exposure rates were at their highest.  Exposure error
would therefore have tended to attenuate the effects of high exposures, and poten-
tially induced an observed inverse exposure-rate pattern.

To assess the contribution of exposure error to the inverse exposure-rate
effect, the authors analyzed RR patterns within categories of several variables
which were considered as indicators of the magnitude of exposure error, for
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example, year of first exposure, attained age, years since last exposure, and total
cumulative exposure.  Figure E-2 shows the result of one of these analyses.
Observed RRs, adjusted for cumulative exposure (Jhm–3 or WLM) and other
factors, are plotted by categories of calendar year of first exposure from the
pooled analysis of 11 underground miner studies (Lubin and others 1994a).  Also,
shown are log-linear models fit to the observed RRs.  The overall levels of the
RRs were affected by the small numbers of lung-cancer cases in the referent
category <0.1 WL (6, 5 and 8 cases in the <1945, 1945-54, and ≥ 1955 year of
first exposure categories, respectively), but the figure shows a similar pattern of
declining RRs with WL, suggesting that it was unlikely that the inverse
exposure-rate effects were entirely the result of exposure errors.

In a report to the Canadian Atomic Energy Control Board, Howe and
Armstrong presented a sensitivity analysis of the potential impact of measure-
ment error on risk of lung cancer using hypothetical data, but based on the pooled
analysis of 11 cohorts of underground miners (Howe and Armstrong 1994).  The

FIGURE E-2 Relative risks by categories of exposure rate and fitted trends by calen-
dar year first exposure for data from analysis of underground miner studies (Lubin and
others 1994a).  Relative risks adjusted for attained age, cohort, ethnicity, and cumula-
tive exposure.
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error structure was assumed a combination of Berkson and classical errors, with
no systematic error in exposures.  The measurement errors were assumed to have
a Berkson component, that is errors arising from the assignment of an overall
mine or area mean to a group of miners.  Bias in risk estimates occurs because the
true mine or area mean for the group of miners was unknown and must be
estimated from measurement samples.  The estimation of the area mean exposure
rate introduced a classical error structure, that is, error was independent of the
true exposure (Howe and Armstrong 1994).

In the analysis, exposure time in working months was assumed as known
without error.  While some error in individual employment records was inevi-
table, the assumption was considered a reasonable approximation, particularly in
comparison with the amount of error introduced by exposure rate.  There was
additional uncertainty about the amount of time miners spent at their under-
ground work sites and in travelways, but again this source of error was consid-
ered of less consequence for biasing risk modeling (Howe and Armstrong 1994).

The authors presented results from two simulation studies.  One simulation,
which closely mimicked average data in actual studies, generated matched
case-control data with mean numbers of cases from 300 to 835, and equal num-
bers of controls.  Exposure rate was assumed log-normally distributed with geo-
metric mean 5.0 WL and standard deviation (of log WL) of 0.5, 1.0, and 2.0.
Three schemes for the number of measurements per year were used: (1) one
measurement per year for all years of the study; (2) one measurement per year
increasing linearly to 100 measurements per year over the years of the study; and
(3) 100 measurements per year in all years.  For true data generated using a
simple linear excess RR model, RR = 1 + β(WLM)(WL)α with true β equal to
0.010 and true α = 0.00, bias in the estimate of β was minimal under measure-
ment schemes 2 and 3 (Table E-6). For these schemes, there was some attenua-
tion of the exposure-response relationship only with a standard deviation of
log(WL) of 2.0.  With schemes 2 and 3, a significant exposure rate effect was
induced only with the extreme standard deviation.  In contrast, with a single
measurement per year, there was induced curvilinearity when the standard devia-
tion was 1.0 or greater.

Due to computational limitations, a second simulation using simplified co-
hort data was carried out, in which exposure did not overlap follow-up.  The
simulation assumed that all exposure was accumulated by age 30 years, and that
follow-up started at age 35.  Subgroups of the cohort were given exposure rates
1, . . . , 20 WL and follow-up continued for 20-50 years.  In each simulated data
set, there was 14,000 subjects and cumulative exposure ranged from 0.35 to 7.00
Jhm–3 (100 to 2,000 WLM).  True RR again followed the simple linear excess RR
model, with true β = 0.010.  The same three standard deviations for log(WL) and
three schemes for measurements per year were used.  Again, attenuation of the
exposure-response was observed, particularly with the scheme of one WL mea-
surement per year.
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TABLE E-6 Effect of measurement error in exposure on the excess relative
risk estimate in a linear excess relative risk model,a based on computer
simulation of case-control data with parameters β = 1.00 and α = 0.00.  Table
adapted from Howe and Armstrong (1994)

WL measurement Standard deviation
schemeb of log(WL) Median (β) Median (α)

1-1 0.5 0.90 –0.075
1.0 0.70 –0.41
2.0 0.26 –0.79

1-100 0.5 1.10 0.021
1.0 1.10 –0.07
2.0 0.54 –0.32

100-100 0.5 1.01 0.026
1.0 1.00 0.019
2.0 0.77 –0.22

aData simulated under the model: RR = 1+β(WLM)(WL)α
bMeasurement schemes for WL:

1-1:  one measurement per year for all (25) exposure years;
1-100: one measurement per year increasing linearly to 100 measurements per year over exposure

years;
100-100: 100 measurements per year in exposure years.

Simulations also addressed the effect of measurement error on estimating the
effects of time since exposure, age at risk, and exposure rate.  With 100 measure-
ments per year (scheme 3), there was little effect on the patterns of risk with any
of these factors, although as previously observed, there was some bias in the main
risk effect of exposure.  With scheme 3, there was some induced bias when the
standard deviation of the error was large 2.0.  With measurement scheme 2, some
bias was induced, but only in the extreme category (≥25 years since exposure,
≥65 years of age, or exposure rate ≥15 WL).  With a single measurement per year
(scheme 1), there was marked bias.

Howe and Armstrong identified two key elements for assessing the effects of
measurement error: variation of the true exposure rate, that is, the degree that the
true exposure rate for individuals differed from the true mean exposure rate; and
the number of measurements used to estimate the true mean exposure rate.

The authors concluded that “measurement error leads to (a) reduction in the
main effects coefficient, that is, that for cumulative exposure; (b) increasing
downward bias in risk estimates with increasing time since exposure; (c) increas-
ing downward bias in risk estimates with increasing age at risk and (d) increasing
downward bias with increasing exposure rate.”  They further conclude that “bi-
ases are likely to be negligible if estimates are based on 100 or more samples per
year and if the standard deviation of log(exposure rate) has a value of 1.0 or less.”
And “these conditions are met for the majority of the miners’ cohort studies, and
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hence, although there may well be a contribution by measurement error to these
apparent effects within some of the studies, overall it appears that measurement
error of itself does not account for the existence of these effects.”

SUMMARY

There was marked variation among the cohorts in the approaches used to
estimate exposures and in the extent of data available (see Annex to this chapter).
All exposure estimates are subject to measurement error.  Within cohorts, the
degree of measurement error likely depends on the calendar years during which
exposures were incurred; across cohorts, there is likely a varying impact of mea-
surement error.  Some work has addressed the consequences of error, both in
individual cohorts and more generally.  These analyses show that error would
generally blunt exposure-response relationships.  Time-dependent errors pose an
additional constraint in interpreting time-dependence of effect, such as the in-
verse dose-rate effect.  The substantial variation in methods for exposure assess-
ment among the cohorts undoubtedly contributes to the heterogeneity of risk
estimates from the individual studies.
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INTRODUCTION

The epidemiologic studies of underground miners have become the principal
basis for estimating the quantitative risk of lung cancer associated with exposure
to radon progeny.  As a result, there has been persistent concern about the extent
of error in estimates of the exposures of the underground miners to radon progeny
and of any resulting bias in risk estimates.  The exposures of the underground
miners have been estimated on the basis of incomplete information and ad hoc
procedures have been used to complete gaps in the measurement data.

The BEIR IV committee recognized the potential for measurement error to
affect risk estimates and consequently, the BEIR IV report provided extensive
descriptions of the approaches used to estimate exposures in the four cohorts
that served as the basis for the risk model.  Since publication of the BEIR IV
report, there has been increasing methodologic research on measurement error
and its consequences, and on methods for adjusting for bias resulting from
measurement error (Thomas and others 1993).  The number of cohorts used to
develop the BEIR-VI risk model has been increased from the four used by
BEIR IV to 11, bringing a need to understand the varying approaches followed
to assess exposures among the cohorts.  Additionally, exposures have been re-
estimated for several studies, giving insights into the potential magnitude of
error in the studies.

The presence of errors in the exposure estimates for the miners has been
widely recognized.  Some investigators have addressed the problem by carrying
out subgroup analyses.  Risk patterns for miners considered as having the “better”

Appendix E

Exposures of Miners to Radon Progeny
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exposure data were compared to risk patterns for miners with the “poorer” expo-
sure data.  Criteria for the identification of subgroups having better quality expo-
sure data were based on surrogate indicators, such as calendar year of first
employment, calendar year of follow-up, age at first employment, or exposure
rate. Another approach was to limit analyses to miners with the more extensive
measurement data.  In more recent years, some mining companies have devel-
oped individual estimates of exposure, using increasingly extensive radon prog-
eny measurement data and detailed information on exposure time and work loca-
tion.  This era of improved exposure assessment temporally corresponds to the
lower radon progeny levels in modern mines and corresponding lower total expo-
sure values (Jhm–3 or WLM), compared with earlier years.  In addition, relatively
few miners started working after the improved exposure assessment procedures
were put in place.  Thus, information on risks to these more contemporary miners
is still limited.

For a truly linear exposure-response relationship, it is widely recognized that
misspecification of exposures tends to reduce the gradient of the trend, and to
induce curvilinearity, from below.  However, it is less well-recognized that
misspecification of exposure does not always bias the exposure-response towards
the null (Dosemeci and others 1990), although with the error patterns that prevail
among the miner data sets, error would be unlikely to steepen the exposure-
response relationship.  With multiple exposure variables subject to error, for
example, exposure to radon progeny, exposure to arsenic-containing dusts and
cigarette-smoking, correlations among the variables could lead to either positive
or negative bias in the radon progeny exposure-response relationship.

Interpretation of analyses of the miner data is further complicated by the
relationships among radon progeny level, calendar year, and degree of error.
High radon progeny levels generally occurred in the earliest years of operations
of the mines and the high levels tended to occur during an era with limited
numbers of measurements, incomplete coverage of work areas, and measure-
ments of radon rather than radon progeny.  In addition, work histories were
usually less accurate in the early years of mining operations.  Moreover, improve-
ments in ventilation and reduction of radon levels were generally carried out over
an extended period of time.  Any attempt in analysis to designate specific years as
“good” versus “bad” with regard to data quality is of necessity a substantial
oversimplification.

Exposure estimation required work history information on time spent under-
ground, which in most of the studies was obtained from company employment or
medical history records.  Thus, errors in the estimation of radon progeny expo-
sure depended on the completeness and accuracy of these data.  Exposure estima-
tion was further compromised in some studies by lack of information on expo-
sures that occurred outside the recorded work periods, and prior or subsequent to
employment in the study mines.  For example, some miners in the Colorado
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cohort were reported to mine on weekends, although the specific details on the
amount of extra time and the exposed miners were lacking.

The impact of measurement error on radiation risk estimates was explored in
the study of atomic-bomb survivors (Jablon 1971).  Analyses were also con-
ducted by Pierce and others (1990) using the Lifespan Study data.  The intent was
to adjust the linear dose-response estimate to account for random error in the dose
estimates.  The investigators assumed that errors in dose estimates were propor-
tional to dose, and therefore worked on the logarithm scale for dose.  Using a log-
normal error distribution and a plausible estimate of error of about 30%, the
authors found that the adjusted dose-response estimate was about 5 to 15% greater
than if account was not taken of exposure error.

This appendix brings together information on exposure estimates made for
the miners in the epidemiologic studies and related work on error in these esti-
mates.  One annex to the chapter describes the basis for the exposure estimates in
each of the studies.  An additional annex provides the proceedings of a workshop
convened by the committee on exposure estimates; valuable insights were gained
from participants who were extremely knowledgeable on the history of the U.S.
and Canadian uranium mining industries and consequently the BEIR VI commit-
tee has included the proceedings in its report.

ESTIMATION OF EXPOSURES OF MINERS TO RADON PROGENY

Published descriptions of the mines that are the basis of the epidemiologic
studies indicate that the sources of radon included the ore being mined, air flow-
ing into the areas where miners were working, and radon-containing water in the
mines (NRC 1988; Lubin and others 1994a).  Under the circumstances of mine
operation, it is likely that concentrations of radon and progeny varied spatially
and temporally within a particular mine, although little data have been published
that document such variation.  In the New Mexico mines, for example, informa-
tion presented at the committee’s workshop on dosimetry documented extensive
variation in concentrations of radon progeny across various locations within mines
in Ambrosia Lake, New Mexico (Table E-1).  Thus, exposure estimates for
individual miners would be ideally based on either a personal dosimeter, as used
for low-LET occupational exposures, or on detailed information on concentra-
tions at all locations in mines where participants in the studies received exposure
(SENES 1989).  For the participants, information would be needed on the loca-
tions where time was spent, the duration of time spent in the locations, and the
concentrations in the locations when the miners were present.  A miner might
have spent time in a number of different locations during a typical working day
including the stope (the area where mining actually takes place), the haulage way
leading to the stope, and perhaps a separate lunch area.  Personal dosimeters for
radon progeny have not been developed until recently and their usage has been
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TABLE E-1 Measurement data for individual mines in New Mexico

Mine Dates Location Working Level (WL)

A 5/5-13/60 Room 6-1, SE Area 6.8
Room 9-1, SE Area 15.2
Station 10.0
Room 9-1, SE Area 5.0a

Room 6-1, SE Area 4.6a

Room 8-1, SE Area 6.7a

1 Left-15, NW Area 0.1a

Station 2.4a

8/5/60 Station 20.2
13 West 3.9

8/10-11/60 Station 10.6
11 West, N End 0.9
11 West, N End 1.1
Shaft Collar 15.0
Station 9.6a

Shaft Collar 10.8a

B 2/19/60 Near old magazine 37.0
Slusher station 25.0
Ventilation course 16.0
Station 20.0

9/29/60 Breakthrough to drift 26.0
Breakthrough to drift 27.0
Drift 1.5
Top of fresh air incline 2.0
Station 23.5

6/15-16/61 Shop 0.5
Station 0.4
South area 10.5
Drift 10.3
South area 9.0a

Drift 6.2a

Station 3.4a

aMeasured after intervention.

limited, and detailed information on concentrations within mines and time spent
in various locations has not been available to most of the epidemiologic studies.

In the epidemiologic studies, these ideal approaches have been replaced by
various, pragmatically determined strategies for exposure estimation that draw
on measurements made for regulatory and research purposes and extend the
measurements using interpolation and extrapolation to complete gaps for mines
in particular years.  Additionally, missing information for mines in the earliest
years of some of the studies was completed by either expert judgment or by
re-creation of operating conditions.  The numbers of measurements made also
varies widely across the different studies included in the pooled analysis and
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within studies the numbers of measurements tend to be greater in the later years
of operation of the mines, when the exposures were generally lowest.

A pilot case-control study of lead-210 levels in the skull and lung-cancer risk
in the Chinese tin miners points to the promise of this technique for exposure
estimation.  In this study, exposures are estimated for 19 miners with lung cancer
and 141 age-matched controls.  Lead-210 levels were measured in the skull and
lung-cancer risk was estimated in relationship to lead-210 level estimated for the
time of last radon exposure.  There was a gradient of risk with exposure.  This
technique is also applied in an exploratory fashion with former uranium miners in
New Mexico (Lauer and others 1993).

PREVIOUS WORK ON ERRORS IN EXPOSURE
ESTIMATES IN STUDIES OF MINERS

Cohort Study of Colorado Plateau Uranium Miners

Epidemiologists conducting research on lung cancer in radon-exposed min-
ers have long been aware of the potential for measurement error.  The study of
Colorado Plateau uranium miners conducted by the U.S. Public Health Service
involved approximately 4,000 men, both whites and Native Americans, who
worked in thousands of mines scattered across remote regions of four states.
Measurements were not made regularly in all of the mines and no measurements
were made in some of the mines.  Consequently, the investigators based expo-
sures on the actual measurements and on interpolated and extrapolated concen-
trations and on “guesstimates”.  For mines with missing data, concentrations
were imputed from other mines in a hierarchy that began at the level of mining
district and moved to the state level (see description in this chapter).

A descriptive evaluation of the consequences of using this approach was
published in Joint Monograph No. 1 of the National Institute for Occupational
Safety and Health and the National Institute for Environmental Health Sciences
(Lundin and others 1971).  The coefficient of variation was provided by year and
by average concentration value (Jm–3 or WL) for the small number of mines with
at least five or more samples in a particular year.  The coefficient of variation
tended to be less than 100 percent and not to vary over time.

To assess error associated with their interpolation procedure for complet-
ing gaps in measurements of radon progeny concentrations, the investigators
used data for the mines having the longest period of continuous radon progeny
measurements to compare estimated with actual values.  Comparisons were
made for mines during three periods, 1952-1954, 1956-1960, and 1960-1968.
Lundin and others (1971) compared actual values to estimates based on aver-
aging adjacent years.  This analysis showed that the error was greatest for the
earliest time period; because of the general trend of declining progeny concen-
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trations, backward projection tended to underestimate and forward projection
to overestimate.

A further analysis was directed at the imputation of missing values based on
mining locality.  Four of the largest uranium mining areas were selected for this
analysis.  Individual mines were omitted from the calculation of the average for
the locality and the average for the locality was compared to the actual measure-
ments.  The differences tended to be large for the earliest years and declined
substantially by 1968.  The direction of bias tended to be positive; the investiga-
tors reported that during the four years considered, 55 to 70 percent of the esti-
mates exceeded mine averages based on measurements.

This report also examined the potential for distortion of the results by errors
in exposure assessment.  Standardized mortality ratios (SMR) for lung-cancer
deaths for miners who had 25% or more of their cumulative exposure based on
measurement data (called exposures of the “highest quality”, 1,325 miners in-
cluding 20 lung-cancer cases, from a total of 3,325 miners and 70 lung-cancer
cases) were compared with SMRs for miners with and without previous hardrock
mining experience, which was used as a surrogate for previous radon progeny
exposure.  While this analysis of previous hardrock mining experience does not
directly address exposure error and the quality of the exposure estimates, expo-
sures for miners with previous mining are likely estimated with substantial error.
Results of the comparison of the highest quality data and mines with and without
previous hardrock experience are displayed in Figure E-1.  In this informal analy-
sis, there was no difference in the exposure-response for the high quality expo-
sure data and either those with or without previous hardrock mining experience.

The 1987 National Institute for Occupational Safety and Health document, A
Recommended Standard for Occupational Exposure to Radon Progeny in Under-
ground Mines (NIOSH 1987), includes a systematic attempt to quantify the errors
associated with the exposure (Jhm–3 or WLM) estimates for participants in the
Colorado Plateau Study.  Following the approach of Joint Monograph No. 1
(Lundin and others 1971), four sources of error were identified:  1) actual mea-
surements; 2) interpolation or extrapolation in time; 3) geographic area estima-
tion; and 4) estimates for years prior to 1950 when measurements were largely
unavailable.  The estimated coefficients of variation for each of these sources of
error were 1.13, 1.21, 1.49, and 1.86, respectively.  A pooled estimate of 1.37 was
calculated as a weighted average.  Using this figure, an average coefficient of
variation of 0.97 was estimated for the cumulative exposure received by the
miners.  The report comments that if these errors are lognormally distributed then
there would be minimal bias in the preferred power function model for the expo-
sure-response relationship of lung-cancer risk with exposure to radon progeny.
The possible effects of systematic errors were not considered.

At a 1994 BEIR VI committee workshop, Dr. Duncan Thomas presented
preliminary results from an analysis of exposure errors using a method for infer-
ring annual dose rates directly from miners’ exposure histories, allowing for gaps
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in exposure.  Data from the 1987 follow-up of the Colorado miners were used.
Unlike the Colorado data set used in the committee’s analysis of pooled miner
data, Thomas did not limit exposures to < 11.20 Jhm–3 (< 3,200 WLM).  Several
assumptions were made that represented a simplified characterization of the true
error structure (Table E-2).

Thomas considered the effects of exposure error on curvilinearity, and the
modification of the exposure-response relationship by time since exposure and
exposure rate.  Table E-3 shows that there was significant curvilinearity in the
exposure-response trend if no adjustment was made for exposure errors (χ2

1 =
5.22, p = 0.02).  With adjustment for error, the deviation from the linear
exposure-response model was not significant (χ2

1 = 1.94, p = 0.16).  For the linear
model and the linear-exponential model, the magnitude of the exposure-response
trend increased when adjustment was made for exposure errors.  Further, the
estimate of β for the linear model with error adjustment was about the same
magnitude as the unadjusted linear-exponential model, suggesting that the curvi-
linearity was largely the result of exposure errors.

FIGURE E-1 Standardized mortality ratios for Colorado Plateau uranium miners study
by cumulative radon progeny exposure and quality of exposure data (Lundin and others
1971).
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The consequences of adjusting for exposure error on the effects of time since
exposure and exposure rate were also considered by Thomas.  Results indicated
that adjustment for errors had little effect on the pattern of risk with time since
exposure, but adjustment for errors reduced the effects of exposure rate (Tables
E-4 and E-5).

The analyses suggested that exposure errors were likely to have had their
greatest influence on the modeling of the inverse exposure-rate effect.  However,
the precise magnitude of the influence of the adjustment for errors was uncertain,
due to limitations of the analysis.  For example, exposure rates were inferred,
rather than computed directly from mine records and measurement data, and the
assumption that errors were independent across individuals can be questioned,
since the same concentration value Jhm–3 (WL) would often be given for all

TABLE E-2 Assumptions made by D. Thomas in analysis of exposure errors
in the Colorado Plateau uranium miners study presented to the committee

• Classical error model applied to annual exposure rates
• True exposure rate in WLM/yr (x) has a Weibull distribution
• Observed exposure rate z=xu, where the error distribution (u) is log-normal with mean 0
and standard deviation:

– CV = 1.00 before 1960, 0.50 after 1960 (large error)
– CV = 0.50 before 1960, 0.25 after 1960 (small error)

• True exposure x integrates over time to produce cumulative exposure X.
• Relative risk (RR) models:

– Curvilinearity: RR = 1 + βxe
–αX

– Time since exposurea: RR = 1 + β(x5-9 + θ2x10-19 + θ3x20+)
– Exposure-rate:

Model 1: RR = 1 + ∫t0βx(u)x(u)γdu
Model 2b: RR = 1 + βxe

–γx
_

ax5-9, x10-19, and x20+ denote true exposures accumulated 5-9, 10-19, and 20 years and more prior to
age at risk.
b–x is average exposure-rate while exposed.

TABLE E-3 Parameter estimates and change in deviance for modeling
curvilinearity in the exposure-response for the Colorado data.a  Adjusted
estimates account for error in exposures.  Presented to the committee by D.
Thomas

βx100 α Change in deviance

Unadjusted 0.40 —
0.69 –0.011 5.2

Adjustedb 0.73 —
1.08 –0.012 1.9

aModel of the form: RR = 1 + βxe–αX where x is cumulative exposure in WLM.
bAssumed error: CV=1.00 before 1960 and CV=0.50 after 1960.
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workers in a particular mine and workers’ movements among mines or among
companies were not independent.  Finally, in his presentation Thomas indicated
that the Weibull distribution provided a poor fit to the exposure rate data.

Cohort Study of New Mexico Uranium Miners

Samet and others (1986b) addressed several issues in the estimation of expo-
sures for the New Mexico uranium miners.  For selected years, relatively large
numbers of measurements had been made in the large mines of Ambrosia Lake.
During several day visits to the mines, the mine inspectors sometimes made over
100 measurements.  Samet and colleagues addressed the most appropriate param-
eter for summarizing the measurements.  In New Mexico, the inspectors from the
state calculated a person-weighted index, termed the “Total Mine Index” which
weighted the measurements by the approximate number of workers associated
with the measurement by the inspector.  Using the Total Mine Index as the
standard for comparison in a regression analysis, Samet and colleagues compared
the performance of the arithmetic mean and various trimmed means and the
median in estimating the Total Mine Index.  The arithmetic mean was found to be

TABLE E-4 Parameter estimates and change in deviance for modeling time
since exposure in the exposure-response for the Colorado data.a  Adjusted
estimates account for error in exposures.  Presented to the committee by D.
Thomas

βx100 θ2 θ3 Change in deviance

Unadjusted 1.26 0.65 0.13 19.2
Adjustedb 1.92 0.80 0.15 23.8

aModel of the form: RR = 1 + β(X5-9 + θ2X10-19 + θ3X20+) where X5-9, X10-19, and X20+ are
cumulative WLM exposures 5-9, 10-19, and 20 years and more prior to age at risk.
bAssumed error:  CV = 1.00 before 1960 and CV = 0.50 after 1960.

TABLE E-5 Parameter estimates and change in deviance for modeling the
effect of exposure rate on the exposure-response for the Colorado data.a

Adjusted estimates account for error in exposures.  Presented to the committee
by D. Thomas

βx100 α Change in deviance

Unadjusted 0.40 —
1.89 –0.35 8.0

Adjustedb 0.73 —
1.06 –0.21 2.0

aModel of the form: RR = 1 + ∫t0βx(u)x(u)γdu where x is exposure rate in WLM/yr.
bAssumed error:  CV = 1.00 before 1960 and CV = 0.50 after 1960.
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an unbiased predictor of the Total Mine Index, suggesting that measurements had
been made in approximate proportion to the distribution of the exposed miners
within the mine.  The median was lower than the mean and the Total Mine Index,
as anticipated for the skewed distribution of the measurements.

Cohort Study Of Czechoslovakian Uranium Miners

Estimation of the “true” exposures for all miners in the epidemiologic stud-
ies is not currently feasible.  However, improving the overall quality of study data
reduces the effects of errors.  Recent analysis of the study of Czech uranium
miners (sometimes referred to as the West Bohemian uranium miners) have
resulted in two rather different estimates of the ERR/exposure.  An analysis by
Tomás̆ek and others (1994a) estimated the ERR/exposure in WLM as 0.0064 (95
percent CI 0.004, 0.011), while in the pooled analysis of 11 cohorts, Lubin and
others (1994a) estimated the ERR/exposure in WLM for the Czech study as
0.0034 (95 percent CI 0.002,0.006).  The former estimate was based on using
male Czechoslovakian lung-cancer mortality rates as an external referent popula-
tion, while the latter estimated was based on an internal referent population
(Tomás̆ek and Darby 1995).

Tomás̆ek and Darby (1995) showed that methodologic differences did not
explain the different estimates of ERR/exposure, but that the principal difference
in the two estimates was the result of improvements in two aspects of data
quality.  First, follow-up information was re-examined, using additional sources,
such as pension offices, and local inquiries.  These efforts resulted in an increase
in the number of deaths and a reduction in the number of miners who were lost to
follow-up.  Following the reevaluation, the number of lung-cancer deaths in-
creased from 661 to 705.  However, the added number of lung-cancer deaths had
minimal impact on the ERR/exposure estimate (Tomás̆ek and Darby 1995).  Sec-
ond, exposures for all miners were re-assessed, correcting arithmetic and tran-
scription errors and, for some men, accounted for exposures at other uranium
mines which previously had not been included.  Revised exposures were recom-
puted for each miners for each month of employment.

Improving the exposure data nearly doubled the estimate of ERR/exposure.
It should be noted that the Czech data, along with the Colorado data, exhibited
curvilinearity in the exposure-response in the pooled miner analysis.  Unlike the
Colorado data (see below), the exposure-response relationship in the Czech data
continued to exhibit significant curvilinearity after the exposure reassessment
(Tomás̆ek and Darby 1995).

Cohort Study of Beaverlodge Uranium Miners

Exposures have also been recalculated for the Beaverlodge, Canada, cohort
of uranium miners for those included in a case-control study of lung cancer,
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smoking, and radon-progeny exposure (L’Abbe and others 1991).  The new
exposures replaced the median by the arithmetic mean for the assignment of
values to mines and company records were used to place the participants in more
specific areas within mines rather than simply using mine-wide averages (Howe
and Stager 1996).  The new exposure estimates were higher than the previous
ones: 0.28 Jhm–3 (81.3 WLM) versus 0.18 Jhm–3 (50.6 WLM).  The new and old
values were moderately correlated (r = 0.66).  There were few major changes in
individual estimates.

The estimated excess relative risks were calculated for the cohort study and
the case-control study with original exposure estimates and for the case-control
study with the new exposure estimates.  The values of ERR/exposure were 0.01/
100 Jhm–3 (2.63/100 WLM) for the cohort study, 0.01/100 Jhm–3 (2.70/100 WLM)
for the case-control study with the original exposure estimates, and 1/100 Jhm–3

(3.25/100 WLM) for the case-control study with the new exposure estimates.
The authors attributed the increase in the estimate of excess relative risk with the
new estimates to reduction in measurement error which more than compensated
for the increase in average exposure.

General Assessments Of Exposure Error In Miner Studies

 In 1989 the effects of exposure error were considered for the Czechoslova-
kia, Colorado, Ontario, Sweden, Beaverlodge, and Port Radium studies in a study
conducted by SENES Consultants Limited in Canada (SENES 1989).  This report
described several sources of uncertainty in the miner studies and was one of the
earliest efforts to address the consequences of error analytically.  The focus was
on adjusting the exposure-response parameter for the excess RR model and for
the absolute excess risk model.  The approach was limited, because the authors
did not have access to data on individual miners and utilized only published RRs
within categories of exposure (Jhm–3 or WLM).  No attempt could be made to
evaluate patterns of error for different mining periods within a study.  For the
excess RR model, the authors estimated that the most likely range for the ERR/
exposure parameter for this group of studies was 0.009 to 0.00005 per Jhm–3

(0.005 to 0.015 per WLM).
In the pooled analysis, Lubin and others (1994a) considered the impact of

errors in exposure only in the most general way and only within the context of the
modification of the exposure-response relationship by exposure rate and expo-
sure duration.  Exposure error was considered greatest in the earliest years of
mining, years in which exposure rates were at their highest.  Exposure error
would therefore have tended to attenuate the effects of high exposures, and poten-
tially induced an observed inverse exposure-rate pattern.

To assess the contribution of exposure error to the inverse exposure-rate
effect, the authors analyzed RR patterns within categories of several variables
which were considered as indicators of the magnitude of exposure error, for



Copyright © National Academy of Sciences. All rights reserved.

Health Effects of Exposure to Radon: BEIR VI
http://www.nap.edu/catalog/5499.html

302 APPENDIX E

example, year of first exposure, attained age, years since last exposure, and total
cumulative exposure.  Figure E-2 shows the result of one of these analyses.
Observed RRs, adjusted for cumulative exposure (Jhm–3 or WLM) and other
factors, are plotted by categories of calendar year of first exposure from the
pooled analysis of 11 underground miner studies (Lubin and others 1994a).  Also,
shown are log-linear models fit to the observed RRs.  The overall levels of the
RRs were affected by the small numbers of lung-cancer cases in the referent
category <0.1 WL (6, 5 and 8 cases in the <1945, 1945-54, and ≥ 1955 year of
first exposure categories, respectively), but the figure shows a similar pattern of
declining RRs with WL, suggesting that it was unlikely that the inverse
exposure-rate effects were entirely the result of exposure errors.

In a report to the Canadian Atomic Energy Control Board, Howe and
Armstrong presented a sensitivity analysis of the potential impact of measure-
ment error on risk of lung cancer using hypothetical data, but based on the pooled
analysis of 11 cohorts of underground miners (Howe and Armstrong 1994).  The

FIGURE E-2 Relative risks by categories of exposure rate and fitted trends by calen-
dar year first exposure for data from analysis of underground miner studies (Lubin and
others 1994a).  Relative risks adjusted for attained age, cohort, ethnicity, and cumula-
tive exposure.
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error structure was assumed a combination of Berkson and classical errors, with
no systematic error in exposures.  The measurement errors were assumed to have
a Berkson component, that is errors arising from the assignment of an overall
mine or area mean to a group of miners.  Bias in risk estimates occurs because the
true mine or area mean for the group of miners was unknown and must be
estimated from measurement samples.  The estimation of the area mean exposure
rate introduced a classical error structure, that is, error was independent of the
true exposure (Howe and Armstrong 1994).

In the analysis, exposure time in working months was assumed as known
without error.  While some error in individual employment records was inevi-
table, the assumption was considered a reasonable approximation, particularly in
comparison with the amount of error introduced by exposure rate.  There was
additional uncertainty about the amount of time miners spent at their under-
ground work sites and in travelways, but again this source of error was consid-
ered of less consequence for biasing risk modeling (Howe and Armstrong 1994).

The authors presented results from two simulation studies.  One simulation,
which closely mimicked average data in actual studies, generated matched
case-control data with mean numbers of cases from 300 to 835, and equal num-
bers of controls.  Exposure rate was assumed log-normally distributed with geo-
metric mean 5.0 WL and standard deviation (of log WL) of 0.5, 1.0, and 2.0.
Three schemes for the number of measurements per year were used: (1) one
measurement per year for all years of the study; (2) one measurement per year
increasing linearly to 100 measurements per year over the years of the study; and
(3) 100 measurements per year in all years.  For true data generated using a
simple linear excess RR model, RR = 1 + β(WLM)(WL)α with true β equal to
0.010 and true α = 0.00, bias in the estimate of β was minimal under measure-
ment schemes 2 and 3 (Table E-6). For these schemes, there was some attenua-
tion of the exposure-response relationship only with a standard deviation of
log(WL) of 2.0.  With schemes 2 and 3, a significant exposure rate effect was
induced only with the extreme standard deviation.  In contrast, with a single
measurement per year, there was induced curvilinearity when the standard devia-
tion was 1.0 or greater.

Due to computational limitations, a second simulation using simplified co-
hort data was carried out, in which exposure did not overlap follow-up.  The
simulation assumed that all exposure was accumulated by age 30 years, and that
follow-up started at age 35.  Subgroups of the cohort were given exposure rates
1, . . . , 20 WL and follow-up continued for 20-50 years.  In each simulated data
set, there was 14,000 subjects and cumulative exposure ranged from 0.35 to 7.00
Jhm–3 (100 to 2,000 WLM).  True RR again followed the simple linear excess RR
model, with true β = 0.010.  The same three standard deviations for log(WL) and
three schemes for measurements per year were used.  Again, attenuation of the
exposure-response was observed, particularly with the scheme of one WL mea-
surement per year.
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TABLE E-6 Effect of measurement error in exposure on the excess relative
risk estimate in a linear excess relative risk model,a based on computer
simulation of case-control data with parameters β = 1.00 and α = 0.00.  Table
adapted from Howe and Armstrong (1994)

WL measurement Standard deviation
schemeb of log(WL) Median (β) Median (α)

1-1 0.5 0.90 –0.075
1.0 0.70 –0.41
2.0 0.26 –0.79

1-100 0.5 1.10 0.021
1.0 1.10 –0.07
2.0 0.54 –0.32

100-100 0.5 1.01 0.026
1.0 1.00 0.019
2.0 0.77 –0.22

aData simulated under the model: RR = 1+β(WLM)(WL)α
bMeasurement schemes for WL:

1-1:  one measurement per year for all (25) exposure years;
1-100: one measurement per year increasing linearly to 100 measurements per year over exposure

years;
100-100: 100 measurements per year in exposure years.

Simulations also addressed the effect of measurement error on estimating the
effects of time since exposure, age at risk, and exposure rate.  With 100 measure-
ments per year (scheme 3), there was little effect on the patterns of risk with any
of these factors, although as previously observed, there was some bias in the main
risk effect of exposure.  With scheme 3, there was some induced bias when the
standard deviation of the error was large 2.0.  With measurement scheme 2, some
bias was induced, but only in the extreme category (≥25 years since exposure,
≥65 years of age, or exposure rate ≥15 WL).  With a single measurement per year
(scheme 1), there was marked bias.

Howe and Armstrong identified two key elements for assessing the effects of
measurement error: variation of the true exposure rate, that is, the degree that the
true exposure rate for individuals differed from the true mean exposure rate; and
the number of measurements used to estimate the true mean exposure rate.

The authors concluded that “measurement error leads to (a) reduction in the
main effects coefficient, that is, that for cumulative exposure; (b) increasing
downward bias in risk estimates with increasing time since exposure; (c) increas-
ing downward bias in risk estimates with increasing age at risk and (d) increasing
downward bias with increasing exposure rate.”  They further conclude that “bi-
ases are likely to be negligible if estimates are based on 100 or more samples per
year and if the standard deviation of log(exposure rate) has a value of 1.0 or less.”
And “these conditions are met for the majority of the miners’ cohort studies, and
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hence, although there may well be a contribution by measurement error to these
apparent effects within some of the studies, overall it appears that measurement
error of itself does not account for the existence of these effects.”

SUMMARY

There was marked variation among the cohorts in the approaches used to
estimate exposures and in the extent of data available (see Annex to this chapter).
All exposure estimates are subject to measurement error.  Within cohorts, the
degree of measurement error likely depends on the calendar years during which
exposures were incurred; across cohorts, there is likely a varying impact of mea-
surement error.  Some work has addressed the consequences of error, both in
individual cohorts and more generally.  These analyses show that error would
generally blunt exposure-response relationships.  Time-dependent errors pose an
additional constraint in interpreting time-dependence of effect, such as the in-
verse dose-rate effect.  The substantial variation in methods for exposure assess-
ment among the cohorts undoubtedly contributes to the heterogeneity of risk
estimates from the individual studies.
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E-ANNEX 1

Exposures to Miner Cohorts:
Review of Estimates for the Studies

Colorado Plateau Uranium Miners

Introduction

Uranium mining in the Colorado Plateau expanded rapidly in the post-World
War II period to include more than 200 mines by 1950 (see Time Line E-1).  The
start of an industry and the boom times did not lead to orderly administration and
record keeping, c.f. Czechoslovakia and Ontario below.  Moreover, some of the
miners who worked in the mines during the post-war uranium boom had previ-
ously worked the same ore bodies for radium and vanadium without any account-
ing of exposure to radon progeny.  Most of the early mines were small and
depended on natural ventilation so that ambient temperature change was the
driving force for exchange of the mines’ air with outside air.  Until 1967, mining
operations were regulated only by the states where mining was taking place, even
though all ore was sold to the Atomic Energy Commission.  There was no re-
quirement in place for measurement of exposure and there was not a federal
standard for exposure to radon progeny.  Consequently adequate ventilation prac-
tices were not uniformly introduced from the outset and the extent of radon
measurement was initially quite limited.  As a result, estimates of cumulative
exposures to uranium miners on the Colorado Plateau were largely based on
various estimation procedures rather than direct measurements relating to a par-
ticular mine shaft or even the mine where a given worker was exposed.

The history of radon exposures to the miners was described by Holaday
(1969) and the approaches followed by the U.S. Public Health Service for esti-
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mating exposures of individual participants in the epidemiologic study of Colo-
rado uranium miners are described in National Institute for Occupational Safety
and Health-National Institute for Environmental Sciences Joint Monograph No. 1
(Lundin and others 1971).  A 1968 report of the Federal Radiation Council
addressed the accuracy of the exposure estimates.  SENES Consultants Limited
of Ontario, Canada, has prepared a report entitled “Preliminary feasibility study
into the re-evaluation of exposure data for the Colorado Plateau uranium miner
cohort study” (SENES 1995).  This report provides an extensive description of
the calculation of the WLM values for the epidemiologic study and gives insights
into the sources of variability and error in the estimates.

Estimation of WLM

The following description is taken largely from the 1971 monograph
authored by Lundin and colleagues.  The U.S. Public Health Service began
surveying for radon in uranium mines in 1949.  In 1950 they were joined by the
Colorado State Department of Health and in 1951 by the U.S. Bureau of Mines
for mines on Indian reservations.  Coverage was far from complete; 1949 “a few
measurements,”  1950 “relatively few mines,”  1951 “but again coverage was
incomplete,” (Lundin and others 1971).  By 1952 an effort was made to survey
all operating mines and radon progeny were sampled in 157 mines.  This sam-
pling may have examined most of the larger mines, but government records
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indicate that over 450 mines shipped ore in 1951.  Mining companies introduced
radon surveys in 1956 and the state programs continued through 1960.  Both
company and state-sampling efforts were made in work areas for information
purposes, not for control purposes, and “are considered to be representative of
the areas in the mines in which miners were exposed” (Lundin and others 1971).
This early data base is of primary importance in considering the adequacy and
precision of miner’s exposure estimates as utilized in epidemiology assessments
of risks due to radon since a large portion of the cumulative exposure occurred in
the 1950’s.

By 1960, exposure levels had dropped precipitously in anticipation of
Colorado’s adoption of a 10 WL shutdown level in 1961.  However, regulatory
control probably reduced the validity of the measurements in mines for epidemio-
logic purposes.  As outlined in Joint Monograph No. 1, the most complete de-
scription of the Colorado Plateau miner data (Lundin and others 1971) “Most
radon daughter measurements available from Colorado, Utah, and Wyoming
after 1960 were made by mine inspectors who measured air samples primarily for
control purposes.” This may have led to bias in the estimated exposures.  As
noted by Lundin and others (Lundin and others 1971), “Proportionately more
measurements were made in sections of mines having high levels which tended to
yield radon-progeny values greater than would have been obtained by sampling
all work areas with equal frequency.”  In addition more measurements were
concentrated in mines having high levels of radon.  The U.S. P.H.S. investigators
who assembled the data base for estimating cumulative exposures chose to ex-
clude company measurements made after 1960 on the grounds that they might
have been “minimized to avoid regulatory action.”  The aim was clearly “to
assure a consistent direction of bias, that is, over estimation of radon daughter
levels” (Lundin and others 1971).

Even though the number of radon-progeny measurements increased during
the 1960’s, the number per mine increased only slowly from about six in 1960 to
almost 12 in 1968 (Figure E Annex 1-1).  Measurements of radon progeny in a
particular mine were never extensive and, more importantly, were not made on
even a once per year basis in the majority of mines.  Only 341 miners, about 10%
in the Colorado Plateau miner cohort, had their exposure assignments based on
measured radon-progeny concentration.  For the majority of the miners, informa-
tion on measured levels was combined with estimates made using a variety of
methods as described by Lundin and others (1971).

Many of the uranium miners were also employed as hardrock miners or
previous to 1950 some had mined the same ore bodies, where uranium was found,
for radium, vanadium etc., particularly in the Urivan Mineral Belt in Colorado.
In the epidemiologic study, hardrock miners were assigned an exposure level of 1
WL for mining that occurred before 1935, 0.5 WL for 1935 through 1939, and 0.3
WL for later years (Lundin and others 1971).  No information is given as to the
basis of these estimates but a statement is included in Joint Monograph No. 1
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(Lundin and others 1971) which indicates these estimates were thought to have
been too high and that the average exposure was less.

A re-evaluation of a sample of the Colorado Plateau cohort for exposure
during hardrock mining is described in Monograph 1.  This reassessment indi-
cates that the tabulation of hard rock mining duration was subject to error and that
misclassification of exposure was fairly common for that portion of a cohort
member’s work experience.  For example, for a sample of 101 cases and 202
controls, misclassification was only about 10% for cumulative exposures of less
than 20 WLM but 50 % or more at higher levels.  Nevertheless, hard rock mining
may be a relatively unimportant source of exposure compared to the mining of
uranium-bearing ores for which exposure levels were often much higher than 1
WLM.

Because relatively few mines were initially monitored for radon or radon
progeny, exposure estimates in uranium mines that occurred before 1951 were
referred to as “guesstimates” in Joint Monograph No. 1 (Lundin and others 1971).
According to that report, “guesstimates” were made on the basis of knowledge
concerning ore bodies, ventilation practices, emission rates from different types
of ores, and such radon or radon progeny measurements as were performed in
1951 and 1952.

FIGURE E ANNEX 1-1 Frequency of radon-progeny measurements on the
Colorado Plateau in two-year intervals 1950-1969.  Source: Presentation to the
committee of analysis of the data tapes for the Colorado Plateau miners by
Duncan Thomas and Dan Stram, September 1995.
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For mining that occurred after 1950, three other methods were used to esti-
mate exposure levels.  By far the most common was a process called area average
estimation.  This consisted of using the available, albeit often sparse, measured
values to estimate concentrations in a given locality to obtain an “area average.”
In order to reduce sampling variability for these area averages it was required that
three or more mines and ten or more samples had to be available for a locality in
a year, otherwise the locality was assigned the average for the district in which it
was located (Lundin and others 1971).  If sufficient data for a district were not
available, a state average was used or, in a few cases for which state data were
insufficient, data for the state of Colorado were used.  The degree to which area
estimates were used to obtain exposure estimates is not often appreciated.  Area
estimates account for most of the exposure assignments throughout the study
period of the Colorado Plateau cohort (Figure E Annex 1-2)  Monograph 1
implies that when an individual mine was thought to differ appreciably from
others in the same locality due to its ore quality or mining practices, guesstimation
was substituted for an area average.

To complete gaps in the measurements in calculating individual WLM esti-
mates, a system of extrapolation, interpolation, and expert judgment was used to
estimate the exposure in mines monitored less frequently than once a year.  For
mines with actual measurements at least once every five years, working-level
estimates were obtained by interpolation, that is, averaging the measured values

FIGURE E ANNEX 1-2 Bases for the assignment of exposure estimates by
calendar year 1950-1969.  Source:  Presentation to the committee of analysis of
the data tapes for the Colorado Plateau miners by Duncan Thomas and Dan
Stram, September 1995.
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(Lundin and others 1971).  Approximately 20% of the exposure assignments
were made using this method (Figure E Annex 1-2).  An assessment of this
extrapolation procedure described in Monograph No. 1 indicates that it tended to
overestimate exposures in the early years of mining but became more valid in the
1960s as information from more frequent measurements became available.

For mines with yearly monitoring information available, the measured con-
centration was used to assign a worker’s cumulative exposure in a given year.
Table IV-3 in the BEIR IV Report (NRC 1988) indicates that the number of
measurements per year per mine surveyed was usually between 10 and 20 after
1959 so that the measured values provide a reasonably stable estimate of the
average working levels in those areas monitored.  However, the average number
per mine was somewhat less, 8-9 as illustrated in Figure E Annex 1-1.  Although
nearly 43,000 measurements were obtained (Lundin and others 1971), there were
about 2,500 mines and measured concentrations were not a frequent method of
exposure assignment.  Figure E Annex 1-2 indicates that from 1959 to 1969 only
10-20% of the exposure assignments in a given year were based on direct mea-
surement of radon progeny concentration and that even fewer were made on such
direct information prior to 1959, when exposure levels were, on the whole, much
higher.

Assessment of Errors in the WLM Estimates

A comparison of exposure estimates in relation to calendar year is given in
Figure E Annex 1-3 for each assignment method.  Except for 1950, estimates
based on the extrapolation procedures are in reasonable agreement with those
based on direct measurement while area average estimates tend to be somewhat
greater than obtained by other methods.  This may in part be due to measurements
having been made more frequently in large mines having more employees and
because of larger capital investment in better ventilation.

The degree of variation in exposures among workers in a given mine was not
well characterized.  Before 1960 mechanical ventilation was not commonly used
and a near equilibrium between radon and progeny was probably the rule under
conditions of convective ventilation as indicated by the early data described by
Holaday (1969).  There appears to be no information on aerosol size distribution
or even the unattached fraction in early mines.  Even though diesel power was not
common, compressed air or electricity was used to operate equipment including
ore cars; dust was plentiful from drilling and hauling operations so that it is likely
that the unattached fraction was low.

An extensive study of air quality in nine uranium mines was carried out by
the AEC Health and Safety Laboratory (HASL), now the DoD Environmental
Monitoring Laboratory, in 1967-1968.  Mines were selected by the U.S. Bureau
of Mines to represent a cross section of the uranium mining industry (Breslin and
others 1969).  This investigation was in response to the concerns expressed at the
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Joint Committee on Atomic Energy hearings in 1967 in which the validity of
exposure and early risk estimates of increased lung cancer in miners were ques-
tioned.  A particular point in question was “the extreme variation of atmospheric
characteristics within a mine and among mines”; the HASL study was directed at
exploring this question (Breslin and others 1969).

The nine mines studied ranged in size from having two to 112 workers.  Ore
production varied from 150 to 11,000 tons per month.  Mechanical ventilation
rates varied from 5,600 to 100,000 cu. ft. per minute.  Given this range of condi-
tions, atmospheric conditions were surprisingly uniform, giving some credence
to the validity of the estimation methods described above.  In most of the mines
the variation in radon-progeny concentration at different times and locations was
only occasionally as large as a factor of two and 80% of the time had a coefficient
of variation of 30% or less.  The average WL ratio (pCi progeny to pCi radon)
averaged 0.23 with a geometric standard deviation of 1.6 and showed limited
variation with the absolute level of radon progeny.  Equilibrium values F were
also in a narrow range: about two-thirds were between 0.20 and 0.30; mode 0.25.
Polonium-214 was most often at 16% of the equilibrium value, range 0.09 to
0.49.

Simultaneous measurements of radon progeny were made at various loca-
tions in stopes (mining chambers) and in drifts (tunnels).  While drifts showed

FIGURE E ANNEX 1-3 Comparison of mean WL estimation by various methods in
two year intervals 1950-1969.  Source: Presentation to the committee of analysis of the
data tapes for the Colorado Plateau miners by Duncan Thomas and Dan Stram, September
1995.
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greater variation than stopes, as indicated in Figure E Annex 1-4, the report’s
authors indicated that sampling location was not critical within a radius of 10 to
20 feet of the miners’ location and that breathing-zone sampling was unneces-
sary.  Similarly, the HASL study indicated that differences between various
mining operations, for example, drilling, mucking, etc., had little effect on the
measured working level (Figure E Annex 1-5).  No measurements were taken
immediately after blasting but such areas would not have been occupied because
of other safety considerations.  While the HASL study does indicate that mine-
wide averaging probably provides a useful measure of worker exposure in the
mines studies, this is probably less accurate for the high exposures which occurred
before the introduction of mechanical ventilation in U.S. uranium mines.

The recent report from SENES Consultants Limited provides additional rel-
evant information.  Tables for several mines demonstrate substantial variation in
WL values within a mine during a single visit by an inspector, typically one day.
For example, U.S. Bureau of Mines data for one Utah mine in 1968 showed
variation from 0.4 to 5.4 WL across the mine (Table-E Annex 1-1).

The Public Health Service investigators used self-reported mining history
as the basis for estimating time spent underground in specific mines.  This infor-
mation was collected both retrospectively and prospectively during the annual
miner censuses.  The possibility of error in these histories has been acknowl-
edged.  The SENES report provides a series of case descriptions documenting
inconsistencies in these histories and gives a compilation of exposure estimates
for 78 miners for whom exposures have been calculated for both the epidemio-
logic study and for other purposes.  Substantial variation is evident in these

FIGURE E ANNEX 1-4 Variation of radon concentration with distance in
ventilated uranium mine drifts on the Colorado Plateau (Breslin and others 1969).
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estimates, largely reflecting various discrepancies in the alternative work histo-
ries used for the purpose of estimating the exposure.

New Mexico Uranium Miners

Large-scale uranium mining began in the early 1950s (see Time Line E-2)
with the opening of the Jackpile mine, an open-pit mine.  By the late 1950s, a
number of large mines were operating at Ambrosia Lake and the Churchrock
mining district became active in the late 1970s.  The industry continued operating
into the early 1990s, longer than in other U.S. locations, so that miners working
after 1968 have individual exposure records (work location estimates and esti-
mates of exposure) for this period of employment.  These were calculated based
on area measurements and work locations.  For the most part, post-1968 employ-
ment was in very large industrial operations with state of the art ventilation.
Mean annual exposures in 1968 were about 3.8 WLM and declined to 1.2 WLM
or less by 1972 (Samet and others 1986b).  Earlier exposures were not estimated
as accurately, although the State Health Department and the State Mine Inspector
had implemented active measurement programs by the late 1950s.  The state
implemented a progressively more stringent series of shut-down concentrations.
As for the Colorado Plateau miners (see above), median annual exposures were
considerably larger during the earlier years of the industry, about 30 WLM in the
1960’s.  Some members of the New Mexico cohort, who had also mined in the
Colorado Plateau, had annual exposures as high as 300 WLM or more (Samet and
others 1991).

FIGURE E ANNEX 1-5 Variation of radon concentration with distance in
ventilated uranium mine stopes on the Colorado Plateau (Breslin and others
1969).
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Investigators directed substantial effort at tracing employment histories for
the purpose of estimating the cumulative exposures for those employed before
exposure estimates were individualized (Samet and others 1991).  The miners’
underground employment and exposures in specific mines were traced by exam-
ining company personnel records and self-reported work histories taken at the
time of periodic medical examinations.  Estimated exposures for miners who had
worked underground on the Colorado Plateau were supplied by the USPHS
(Lundin and others 1971; Samet and others 1991).  Contributions to the total
mean exposure from various information sources are listed in Table E Annex 1-2
(Samet and others 1991).

With the notable exception of those members of the work force employed on
the Colorado Plateau, this cohort probably has maintained the most extensively
documented exposure estimates.  In this regard, it should be noted that the state of
New Mexico had more extensive and more frequent monitoring for radon then was
common elsewhere in the early 1950’s when exposures were very high (Lundin and
others 1971).  From 1957 to 1967 exposure estimates are based on 20,086 measure-
ments taken during 1,886 visits.  Most annual exposures were relatively low during
this period, mean 4-5 WLM per year, so that this cohort has a large sub-cohort of
miners exposed at low rates and relatively low cumulative exposures.

Beaverlodge Uranium Miners

The BEIR-IV report also includes a description of the exposure estimates
for this cohort (NRC 1988).  Exploratory uranium mining at Beaverlodge,
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Saskatchewan started in 1949 and commercial production began with a greatly
expanded labor force in 1953 (see Time Line E-3).  Radon monitoring was
carried out in 1954 and 1956 but only sporadically until the end of 1961.  A
number of radon-progeny measurements were also made at this time but monitor-
ing was mostly for radon and viewed as a check on ventilation rather than as a
tool for exposure control.  Nevertheless, the frequency of radon-progeny mea-
surements increased and by 1961 exposure records were maintained for all full-
time underground employees.  These records listed each worker’s occupancy
time at each work place on a daily basis.  In 1970 worker’s exposure records were
estimated retrospectively to 1 November 1966 and in 1971 part-time under-
ground workers were included in the exposure assessment (SENES 1989).

TABLE E ANNEX 1-1 U.S. Bureau of Mines February 1968 survey at North
Alice Mine, Utaha

Estimated Average Full Shift
Exposure to Radon Daughtersb

No. of Men Location, Operation (WLc)

2 men, night shift 416 NE from 360 NW; mining 0.5
2 men, day shift 236 from 325 S; mining 1.7
1 man night shift
1 man day shift 240 W inclind station and hoist 1.0
1 man night shift
1 man day shift 248 SE from 225 N; mining 5.4
2 men, night shift 242 S from 190 W; mining 3.6
1 man day shift
1 man night shift 240 W incline to main incline;

tramming 2.2
2 men, night shift 100 S area; mining 0.6
2 men, day shift 147 N from 130 E; mining 2.8
3 men, day shift
2 men, night shift 128 S from 145 E; mining 1.5
1 man day shift
1 man night shift main incline; trip rider 0.4
1 man day shift all areas; electrician 1.4
2 men all areas; mechanics 1.6
5 men all areas; shift bosses 1.4
3 men all areas; staff 1.0
3 men all areas; bratticemen 2.6

aThis table is from a February 1968 report on a Radiation Survey prepared by U.S. Bureau of Mines,
obtained from SENES 1995.
bAverage Levels are estimated from information gained by questioning the miners about where there
time is spent and weighing the radon daughter concentrations in each place by the time spent in that
place.
cNIOSH database: 1967 WL is 1.3, based on 39 measurements; 1968 WL is 3.3, based on 120
measurements.



Copyright © National Academy of Sciences. All rights reserved.

Health Effects of Exposure to Radon: BEIR VI
http://www.nap.edu/catalog/5499.html

EXPOSURES TO MINER COHORTS 317

Two assessments of lung-cancer risk observed in Beaverlodge miners have
been made by Howe and colleagues (Howe and others 1986; Howe and Stager
1996) using two related but differing exposure estimates.  The first of these
estimates was prepared by Frost (1983) who, observing a wide dispersal in the
recorded concentrations in a given year, assigned the median of this quasi log-
normal distribution as the best measure of exposure.  Although, it was possible to
assign work locations for service personnel, for miners, mine-wide medians were
used in the cohort study reported by Howe and colleagues (1986).

A reassessment of the Beaverlodge exposure estimates was carried by SENES
Consultants, Ltd. at the direction of the Atomic Energy Control Board (SENES
1989, 1991).  This included a painstaking reconstruction of mining activity and
its correlation with exposure information for the Beaverlodge mining complex.
The revised exposure estimates were used by Howe as the basis for a recent case-

TABLE E ANNEX 1-2

Source of Information on Contributions To Mean
Underground Employment Cumulative Exposure

Work outside New Mexico 24.9 WLM
New Mexico Employment records 59.5 WLM
Self reported work histories 11.8 WLM
Company individual records (1967 and later) 10.0 WLM
Other (1967 and later) 5.2 WLM
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control analysis of lung-cancer mortality (Howe and Stager 1996), which used
cases and controls from a previous analysis that used the original exposure esti-
mates (L’Abbe and others 1991).  In the new analysis, averages rather than
medians of the individual measurement data were used to estimate exposure
levels in a given location.  There was also a systematic consideration of the
locations where mining took place at a given period of time and, in many cases,
individual miners could be assigned to a given mine face, as recorded in bonus-
pay information, removing in some measure the radon error inherent in using
mine-wide averages.

The effects of these changes is illustrative of what an improved exposure
assessment can accomplish.  The exposure estimates for each of the miners in the
case-control study were compared to those used in the original cohort and case-
control studies.  In general, the more recent exposure estimates were considerably
higher than the original estimates, the mean exposure increasing from 50.6 WLM
to 81.3 WLM.  There is evidence that the new estimates reduced exposure
misclassification.  Table E Annex 1-3 compares the cumulative exposure esti-
mates used in the original cohort study to the newer estimates for the case control
study.

Because of the wide intervals of grouped exposures, most workers remained
in the same exposure category even though their estimated exposures were on the
average considerable larger in the revised exposure estimates.  However, there
was a decrease in the number of workers receiving low exposures and a corre-
sponding increase at higher levels.  For example, the number of workers in the
200+ WLM group increased from 10 to 15 (Table E Annex 1-3).  Because there
is less misclassification of estimated exposures, the slope of the regression of risk
on cumulative exposure is increased even though the estimated exposures in-
creased.  The original estimate of the excess relative risk from the case-control
was an excess relative risk of 2.70% per 100 WLM while the revised exposure
assessment was 3.25% (Howe and Stager 1996).

TABLE E ANNEX 1-3 Number of miners in each
exposure category

Cumulative Exposure
WLM Cohort Study Case Control Study

0 43 42
1-24 90 80
25-49 15 18
50-99 15 17
100-199 18 19
200+ 10 15
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Ontario Uranium Miners

Uranium mining in Ontario, Canada, started in 1953, somewhat later then in
the United States and was conducted in relatively few mines in comparison to the
United States (see Time Line E-4).  A 12 WLM annual limit was adopted in 1954
with a concomitant decrease in annual exposure thereafter.  Radon measurement
and radon control programs were instituted within two years of the start of min-
ing.  Except for exposures occurring before 1958, exposure estimates are largely
based on actual measurements (SENES 1989).  However, some Ontario uranium
miners had worked earlier as gold miners and were exposed to both radon prog-
eny and arsenic in those operations.  These miners had an estimated average
cumulative exposure 2 WLM due to gold mining (Kusiak and others 1991) com-
pared to an average of 30 WLM in uranium mines (Kusiak and others 1993).
Even for those with gold mining experience, the approximated exposures from
gold mining are only a minor portion of the total exposure.

The BEIR IV report provides a complete description of the exposure esti-
mates for their cohort (NRC 1988).  The radon-progeny measurement program
was extensive: 131,000 measurements in 15 mines.  Exposures were estimated
using different methods for 1967 and earlier years and for 1968 and later years for
which WLM estimates made by the companies were used.  For 1957-1967, WLM
were calculated by combining WL data with work histories.  Two separate sets of
estimates were derived for these years: the “standard” or lower WL values were



Copyright © National Academy of Sciences. All rights reserved.

Health Effects of Exposure to Radon: BEIR VI
http://www.nap.edu/catalog/5499.html

320 E –ANNEX 1

the averages of the four quarterly averages or three four-month averages for a
particular year while the “special” or upper WL values were a weighted average
of the four highest quarterly measurements or the three highest four-month mea-
surements in headings, stoops, raises, and travel ways.  The differences between
these two sets of values varied by mine and by year, with the special values being
up to four times as high as the standard values.  The investigators considered that
the true exposures were bounded by the two sets of values.  For its analysis, the
BEIR IV committee used the WLM values based on the standard WL values.
Some estimation of exposures for the earliest years of the industry, before 1954,
required extrapolation from measured values, taking into account such factors as
ventilation.  These years included the highest exposures and consequently 22
percent of the total WLM accumulated by the cohort was based on extrapolation
of measured values.

Port Radium Uranium Miners

The approach for exposure estimation for the Port Radium miners is well
documented in a 1996 report by SENES Consultants Limited (1996b).  Under-
ground uranium and/or pitchblende mining at Port Radium started in 1932 and
continued, with a two-year interruption, until 1960 (see Time Line E-5).  Because
records of employment before 1940 were not available, exposures occurring
before that date have not been accounted for (Howe and others 1987, SENES



Copyright © National Academy of Sciences. All rights reserved.

Health Effects of Exposure to Radon: BEIR VI
http://www.nap.edu/catalog/5499.html

EXPOSURES TO MINER COHORTS 321

1989).  Exposures occurring after 1939 have been estimated on the basis of rather
sparse monitoring data for radon.  Between 1945 and 1957, 261 radon measure-
ments were made in seven years of this period, with from nine to 71 samples in an
individual year.  A few radon-progeny measurements were made and only three
paired measurements of radon and progeny were obtained.

Absent information on concentrations of radon progeny, the equilibrium
between radon and its progeny was estimated on the basis of knowledge of mine
operations and by analogy from the Beaverlodge mine and the radon concentra-
tions were then converted to concentrations of progeny.   Although ventilation
was introduced in 1947, it apparently was used in limited fashion during the
winter season because of the cold.  Consequently, the approach to estimating the
WL values considered seasonal variation in equilibrium factor.  The SENES
report provides detailed documentation of the assumptions made in estimating
the WL values from the radon measurements.

Reported radon concentrations were extremely variable ranging from 50-
300,000 pCiL–1 and it is thought that before ventilation was introduced, some
exposures could have been as high as 1,000 WLM per year (SENES 1989).
Unfortunately, such large annual exposures could not be assigned to the involved
workers unless the exposures took place after 1940 because of the missing work-
history information before 1940.

The potential limitations of the exposure data were acknowledged in the
initial report on the findings of the epidemiologic study of Port Radium miners
(Howe and others 1987).  SENES Consultants Limited (1996b) have recently re-
estimated exposures to radon progeny for 171 miners included in a case-control
study (see Table E Annex 1-4).  For the 171 miners, employment histories were
reconstructed and used with revised WL estimates to calculate WLM.  Substan-

TABLE E ANNEX 1-4 Summary of differences between the SENES 
reevaluation of miner exposures and epidemiology exposures used by
Howe and others (1987).  Data from 171 minersa

Months Worked Months Worked WLM

Mean difference –1.64b –5.2d

Maximum 66.93 2908
75th percentile 0.26 69
Median –0.23c 0d

25th percentile –1.97 –12
Inter quartile range 2.24 80
Minimum –38.04 2348

aBased on SENES 1989, table 4.1.
bMean difference significantly different at 5% level.
cMedian difference significantly different from 0 at 1% level.
dMedian difference and mean difference not significantly different from 0.
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tial differences were found in individual estimates, although the mean WLM
values were comparable for the two sets of estimates.  There were large differ-
ences in employment duration for some of the men and changes in estimated
exposure as large as 2900 WLM were found.  The report comments on key
sources of uncertainty in the exposure estimates for the Port Radium miners:
incomplete employment histories for other employment; lack of employment
information for years before1940 when exposures were extremely high; and the
numerous assumptions made in calculating the WL values from the radon mea-
surements.  Finally, the report also indicates that Port Radium ores contained
“significant concentrations of various elements including for example arsenic,
nickel, and cobalt.”

Czechoslovakia Uranium Miners

A cohort of miners in Czechoslovakia, who started uranium mining between
1948 and 1957, has been described extensively in the literature by S̆evc and
Placek (1976), S̆evc and others (1988), Kunz and others (1978, 1979), and more
recently by Tomás̆ek and others (1993, 1994a,b).  This cohort is often designated
as group S by the Czech authors (see Time Line E-6).  Compared to miner studies
in other countries, exposure information for group S is among the most extensive.
Measurement of radon and other potentially hazardous materials had become
routine in Czech mines before 1948 so that estimation was not necessary for
periods of employment during which radon measurements were not made.  Even
so, exposure estimates for radon-progeny exposures prior to 1961 are based on
radon concentrations as concentrations of progeny were not measured.
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These radon measurements were, however, extensive, the annual number
varying from 100 to 700 per shaft (S̆evc 1993).  Estimates of WLM for years
before 1961, during which radon measurements only were made, were based on
F values taken during periods of ventilation failure which occurred in 1969 and
1973.  These data indicated an F value of 0.86 for the earliest years 1948-1952.
From 1961-1969 the mean number of annual radon-progeny measurements re-
corded per shaft was 952, about 3 per work day.

In 1953, natural ventilation was augmented by mechanical means and F
values decreased to an estimated average value of 0.55 in 1953-1959 and to 0.36
thereafter.  Czech investigators estimate the coefficient of variation in converting
radon levels to working levels as 28%.  The fraction of unattached plutonium-214
has been estimated by Czech investigators as 0.1 (Hamilton and others 1990).

Estimated exposures of these miners have recently been reevaluated
(Tomás̆ek and others 1994a,b).  The principal change appears to have been a
more thorough investigation of workers’ employment histories to take account of
prior mining experience and the assignment of exposure for each month based on
the particular shaft in which the miner worked.  In any event, the newest account
given below is more complete than those published previously.  Additional back-
ground can be found in a report of a WHO-sponsored trip to Czechoslovakia
made in 1988 by L.D. Hamilton, L.W. Swent, and D. B. Chambers (published by
SENES Consultants Limited—see Hamilton and others 1990).

“During 1949-1963 about 39,000 measurements of radon gas were made in
the 19 mine shafts in Jachymov and Horoni Slavkov in which the men were
employed.  Some men also worked, particularly after the closure of most shafts at
Jachymov and Horoni Slakov in 1963, at other Czechoslovak uranium mines, and
substantial numbers of measurements were also made in these mines.  An initial
review of exposure estimates used in previous reports found a considerable num-
ber of errors, and for some miners a part of their employment histories had not
been taken into account.  Therefore, exposure estimates have been completely
revised for the present analysis, based on a review of all available information.
The radon-gas measurements were converted into estimates in terms of working
levels using equilibrium factors based on radon-progeny measurements made
after 1960, and on data collected during two accidents in the uranium mines at
Zadni Chodov in 1969 and at Pribram in 1973, when mechanical ventilation was
stopped for at least a month.  An estimate of each man’s exposure in each month
in terms of working months (WLM) was calculated from the time he spent in
each mine shaft in conjunction with the year- and shaft-specific WL estimates.
Men worked 6 days per week with 1-month of holiday each year.  For most men
underground work was assumed to last 8 hours per day, but for geologists, safety
and ventilation technicians, and emergency workers, it was estimated that 70% of
working time was spent underground, while for managers 50% was estimated.
About 300 men were involved in exploratory work, which was normally carried
out in shallow shafts near the surface.  Explicit radon measurements are not
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available for this work, but exposures are thought to have been low, and are
estimated at 3.3 WLM per year” (Tomás̆ek and others 1994a).

With regard to the magnitude of exposure error, it is of interest that less than
5% of the new exposure estimates differed by as much as 50% from those used in
previous analyses of these data.  The mean cumulative exposure in the new
evaluation is 219 WLM compared with 227 WLM in the older work (S̆evc 1993).
Presumably, random error as well as systematic biases were reduced in the re-
evaluation.  Using a simple model in which the estimated relative risk is linearly
related to the cumulative exposure yields a relative risk of 0.37%/WLM (95%
C.I. = 0.18-0.55) with the old exposure estimates.  With the new ones the esti-
mated relative risk is 0.61%/WLM (95% C.I. = 0.29-0.8) (Tomás̆ek and others
1994), providing evidence that the dose-response was flattened by errors in the
original exposure estimates.

French Uranium Miners

Uranium mining in France started in 1946 with exploratory operations that
continued through 1948 when extensive commercial operations commenced (Tir-
marche and others 1984, 1993) (see Time Line E-7).  The first reported radon
sampling occurred in 1953 when 40 measurements were taken, an average of 10
per mine.  Large-scale radon monitoring began in 1956 when forced ventilation
was introduced.  Exposures prior to this date have been estimated retrospectively
by an expert group which considered mine characteristics and type and duration
of work.  For this early period, before forced ventilation, exposures were rela-
tively high and varied substantially between individuals.  The estimated median
annual exposure from 1947 through 1955 was 11 WLM and varied for the 3rd
quartile up to 55 WLM per year.

Exposures declined rapidly after forced ventilation was introduced, median
exposures averaging about 3 WLM per year from 1956 to 1975 with a further
decline to 1 WLM by the early 1980’s.  About half of the French miners started
their underground employment before 1956 but most of their person years of
exposure occurred after monitoring became comprehensive, ventilation improved,
and exposures were relatively low.  Nevertheless, for a large number of the
French miners, a major portion of their cumulative exposure was based on esti-
mations by experts for the period when ventilation was poor and routine monitor-
ing lacking.  After sufficient monitoring data became available, worker-exposure
assessments were individualized to some extent by considering the type and
location of work performed.  Recently, personal dosimeters, using track-etch
dosimeters, have provided direct information on individual miners.  This has
allowed a comparison of exposure based on area monitoring in 1982 with direct
personal measurements in 1983.  The comparison indicated that annual exposures
based on area monitoring and work locations were, on the average, underestimated
by almost 30% (Bernhard and others 1984; Piechowski and others 1981).  Con-
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sidering the year-to-year variation in the true levels and miner location, as well as
the accuracy of the personal dosimeters, the reported difference may not be
indicative of a significant bias in the exposure estimates.

Radium Hill Uranium Miners

The Radium Hill mine began operations in Australia in 1952 and radon
monitoring began two years later (see Time Line E-8).  In estimating exposures,
exposure levels in the prior years were assumed to be the same as in early 1954
(Woodward and others 1991).  A total of 56 samples were collected by 1 April
1955. Early radon concentrations were low (estimated 1.8 WL) even before forced
ventilation was introduced and declined substantially thereafter—range 0.10-0.55
WL.  Apparently only radon concentrations were measured; WL concentrations
were estimated by means of a calculated equilibrium factor based on ventilation
rates and air volumes at various locations but such methods do not account for
plate out and recirculation of progeny.

Enough radon measurements were made to allow exposure estimates by job
category for work after 1 April 1955.  The estimated exposures for workers show
an exponential distribution with a median exposure of 3 WLM; a mean of 7
WLM and a 3rd quartile limit of 7.4 WLM.  A few heavily exposed workers
received about 80 WLM (Woodward and others 1991).
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Chinese Tin Miners

Exposure assessments of Chinese miners employed by the Yunnan Tin Cor-
poration are largely retrospective as no measurements of either radon or radon
progeny were made prior to 1972 when mechanical ventilation was introduced
(see Time Line E-9).  Exposure estimates for two periods prior to 1972 reflect
changes in the mining industry that occurred after nationalization in 1949.  Be-
fore nationalization, mining was conducted in small mines with back hauling
performed manually, often by children (Xuan and others 1993).  To estimate
exposures under these conditions, 117 measurements were made in 13 local mine
pits that had been in operation before the large-scale expansion of the tin mines
that started in 1953.

Exposure estimates for miners employed between 1953 and 1972 were based
on 413 measurements obtained in the 1990’s by recreating conditions in tunnels
and galleries in original areas or in similarly configured areas in nearby mines
that used techniques similar to those in the index year (Xuan and others 1993).
Evidently, there was little change in radon progeny concentration in the larger,
post 1953 mines.  The reported average mean WL before 1950 was 2.3 + 0.8 and
2.2 + 1.2 thereafter.  Mechanical ventilation was introduced rather slowly with
priority given to new tunnels.  Working levels decreased moderately in 1971-
1975 to 1.7 + 1.1, to 1.2 + 0.8 in 1980 and 0.9 + 0.3 in 1985 (Xiang-Zhen and
others 1993).  Exposure estimates from experience since 1972 have been based
on over 26,000 measurements of radon progeny.
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Little information is available on other characteristics of the occupational
environment.  Equilibrium factors, F, were measured in 1977-1978 and found to
vary from 20% to 84% with a mean of 72% in “small pit operations” and of 62%
in “larger tunnels” (Lubin and others 1990b).  Evidently the mean of 72% refers
to conditions prior to 1953 and the mean of 62% to the expanded operations.  In
any event the mines were very dusty by contemporary standards.  Airborne dust
was first measured in the 1950’s and maximum levels were between 20 and 192
mg/m3.  Wet drilling was introduced in the late 1950’s and became widespread in
1964 when dust levels fell to about 6.2 mg/m3 (Xiang-Zhen and others 1993).
Given these levels of dust, it is probable that equilibrium levels remained rather
high throughout and that the unattached fraction was small.

For the epidemiological studies, workers were assumed to be exposed to
radon progeny seven hours per day.  For exposures occurring after 1972, esti-
mates of exposures were adjusted by the worker’s job title to take account of
those exposed intermittently (Lubin and others 1990b).  Exposure to arsenic in
airborne dust was also accounted for in these studies and shows a large decrease
over time from 0.4 mg/m3 in the mid 1950’s to .01 mg/m3 in 1985.  The radon
exposure estimates for the Yunnan tin miners are not very well documented but,
given the apparently uniform level of exposure throughout the period of miner
employment, about a factor of 2, the estimates may be less subject to errors in
estimation then for those uranium mines where exposure levels varied over time
by factors of ten or more due to changes in ventilation practices.  Arsenic
exposure, on the other hand, did decrease appreciably as wet drilling became
standard practice.
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Newfoundland Fluorspar Miners

Underground mining for fluorspar started in 1936 in Newfoundland, Canada,
and continued for more than three decades before monitoring for radon and radon
progeny was initiated in 1960 (see Time Line E-10).  Radon levels were found to
be highly variable, range 0-190 WL (Morrison and others 1988).  Ventilation was
immediately introduced and in 1960 levels declined to an average of 0.5 WL
(1960-1967) and then to an average of 0.17 WL (1969-1978) (Morrison and
others 1988).  Therefore, an average worker for the entire period of radon control
would have accumulated about 30 WL as opposed to an estimated average expo-
sure for all cohort members of 382.8 WL.

Exposure estimates for epidemiological purposes have been developed by
Dory and Cockill (1984) and are described in SENES 1989.  Exposure estimates
for the period before 1961 were based on maps of the various mines, reports by
mine inspectors, and workers’ recollections.  Apparently experience gained when
the mines were monitored was also taken into account as well as the entry of
water, the source of the radon, into the mines.  Eventually a computational model
was developed to simulate the annual radon progeny concentration in each mine
so as to yield “average workplace concentration for high, medium, and low
areas” (SENES 1989).  For epidemiological purposes, workers have on the basis
of their jobs been assigned to approximate areas of radon concentration, high,
medium, etc. for a particular year and cumulative exposures estimated on this
basis.

For exposures occurring after 1960, worker job records and monitoring data
have been used to assign individual exposure estimates.  As noted above, this
period of employment is likely to be relatively unimportant for risk estimation
because of the relatively small exposures.  It is impossible to estimate the accu-
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racy of the exposure estimates for before 1960.  Radon concentrations in mine
water varied form 300 to 1300 pCiL–1 in 1960 (Report of the Royal Commision
1969).  Under such conditions, actual exposures must have been highly variable
and in spite of the thorough assessment performed by Corkhill and Dory, the
estimated cumulative exposures are guesstimates c.f. Colorado Plateau miners.

Swedish Iron Miners

The BEIR IV report provides an extensive description of exposure estimates
for this cohort (NRC 1988).  Additional description can be found in a report
submitted to the BEIR IV committe, “Comments to the U.S. Mine Safety and
Health Administration for the American Mining Congress”, prepared by L.W.
Swent and D.B. Chambers.  This report describes a visit to the mine by Swent and
Chambers and their discussion with mine personnel.  Much of the material is
described in the 1989 report by SENES Consultants Limited (1989).

Exposure estimates for the Swedish iron miners are primarily retrospective.
The cohort includes those who started work earlier but for the cohort as a whole
the average year of first exposure was 1934 (see Time Line E-11).  The first
extensive measurements of radon in these mines were not made until 1968;
radon-progeny measurements were initiated somewhat later.  Most of the mine
radon came from water seepage and there is limited evidence that this source was
relatively constant in strength from 1915 to 1972.  Comparison of radon measure-
ments in water taken in 1915 with data from 1972 and 1975 indicated constant
groundwater concentration of radon.  Exposures have been estimated using the
assumption that levels of radon progeny were constant until forced ventilation
was introduced in 1972 (Radford and St. Clair Renard 1984).  This assumption
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was supported by consideration of the pattern of natural convection and by data
on quartz dust concentrations that extended to the 1930s.  On the basis of their
visit, Swent and Chambers have questioned the assumption of stable ventilation
and suggest that the estimates of exposure were low by a factor of two or more
due to air recirculation and changing ventilation conditions as the mines became
deeper (SENES 1989).  Because there are no measurement data for years before
1968, it is a matter of speculation as to how much exposures varied with time.  It
is likely, however, that the estimated error of the exposure estimated initially
made by Radford and St.Clair Renard (1984), about 30%, was unduly optimistic.
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The epidemiologic studies of underground miners have been the principal
basis for estimating the risk of indoor radon (NCRP 1984; NRC 1988; USEPA
1992c).

To estimate exposure to radon progeny, information is needed on the con-
centrations to which the miners have been exposed as well as the time spent at
these concentrations.  There are now 12 studies that include estimates of exposure
to radon progeny (Lubin and others 1995b; Darby and others 1995).  The expo-
sures received by the miners in these studies began as long ago as the end of the
nineteenth century in the case of the Malmberget iron miners (Radford and St.
Clair Renard 1984) and are continuing for some of the more contemporary groups,
such as the Chinese tin miners (Qiao and others 1989) and the French uranium
miners (Tirmarche and others 1993).  The information available for estimating
exposures varied among the cohorts and even within the cohorts by time period.
The measurements tended to be more sparse during the initial years of mining
operations, the same years during which exposures were generally highest.  In
some of the studies (Chinese tin miners, Czechoslovakian uranium miners, Colo-
rado Plateau uranium miners, Ontario uranium miners, and Radium Hill uranium
miners, and French uranium miners) concentrations of radon progeny were not
measured in the early years of operations and it was necessary to estimate WL
based on radon measurements, assuming a value for the equilibrium of radon
with its progeny (Lubin and others 1994a).  Information was also used on mining
practices and measurements were made in the Chinese tin mines based on

E-ANNEX 2

Workshop on Uncertainty in Estimating
Exposures to Radon Progeny in
Studies of Underground Miners
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re-created mine conditions of earlier years.  Personnel records were generally
used to document time underground, although the detail of the information avail-
able also varied among studies.  Gaps in the information available for estimating
exposures of the underground miners in these epidemiologic studies are an ac-
knowledged source of exposure misclassification with attendant implications for
uncertainty in the risk estimates derived from these studies.

The consequences for risk estimation of the errors in exposure estimates
have been of concern to the BEIR VI committee.  The committee recognizes that
exposure misclassification is inevitable in the epidemiologic studies of miners.
However, techniques are becoming available to account for these errors in esti-
mating exposure-response relationships (Thomas and others 1994).  Statistical
approaches to measurement error, with the specific application to the under-
ground miner studies, was a topic of a one-half day workshop held in 1994 by the
BEIR VI committee.

To further address the issue of measurement error and its consequences of
risk estimation, the BEIR VI committee convened a second workshop on January
23 and 24, 1995.  The workshop was designed to bring together geologists and
mining and ventilation engineers who had worked on exposure issues in the
underground mines with statisticians and epidemiologists who are now contend-
ing with the measurement-error problem.  The workshop’s goal was to obtain
additional documentation on approaches followed to assess exposures and to
obtain historical insights that might lead to better quantification of the errors in
the exposure estimates.  The committee also invited statisticians engaged in
investigation of approaches for correcting for the effect of measurement error on
risk estimates.

The workshop participants selected were appropriate for these objectives.
William Chenoweth, now a consulting geologist in Grand Junction, Colorado,
worked for many years for the Atomic Energy Commission.  He has written exten-
sively on the history of the various uranium mining districts in the United States.
James Cleveland, an engineer, worked for Kerr-McGee Corporation in New Mexico
for many years, directing ventilation and safety for the Ambrosia Lake operations
of Kerr McGee, by far the largest uranium producer in the Grants Mineral Belt.
Andreas George, from the Environmental Measurement Laboratory of the U.S.
Department of Energy, made measurements of the attached and unattached frac-
tions of radon progeny during the late 1960s and early 1970s; these data represent
the only published, historical information on the distribution of progeny between
attached and unattached fractions.  Douglas Chambers from SENES Consultants
Limited in Ottawa, Canada, has had long-standing interest in the assessment of
exposures to radon progeny and the consequences of error for risk estimation.  Neal
Nelson from the U.S. Environmental Protection Agency, also a participant, has
followed the exposure assessment issue closely for many years.

The practical experience of these participants was complemented by the
statistical expertise of Dan Stram and Duncan Thomas, both from the University
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of Southern California. Stram and Thomas have been applying new statistical
methods for errors-in-variables to data from the Colorado Plateau miners.  Their
models make adjustments to risk estimates for measurement error.  The work-
shop was also attended by BEIR VI committee members and Jonathan Samet, the
committee’s chair, presented descriptive analyses of exposure data for the New
Mexico cohort of uranium miners.

The workshop provided valuable and not-well-documented information con-
cerning the U.S. and Canadian uranium mining industries.  Consequently, the
committee decided to publish portions of the workshop proceedings as an appen-
dix to its report.  We include the historical material presented and not the discus-
sion of ongoing work on measurement error by Stram and Thomas.

Workshop Introduction

The workshop began with a welcome and introductions by Jonathan Samet
and Evan Douple, the study director.  Ethel Gilbert, the workshop chair, reviewed
the goals of the workshop and called attention to questions to be considered
throughout the workshop.  Roger McClellan reminded participants to focus on
“uncertainties,” not just on “errors.”  Philip Hopke asked that participants try to
recall details regarding the underground mining procedures, especially environ-
mental conditions and the methods used for measuring radon and radon progeny.
He asked participants to review those details that have not been previously pub-
lished or documented.  These committee members provided a reminder that the
committee needs to characterize the uncertainties that affect different levels of
exposure received by the miners.

William Chenoweth (Grand Junction, Colorado)

Chenoweth joined the Atomic Energy Commission (AEC) in 1953 as a ge-
ologist.  His work initially involved the vanadium mines of the Colorado Plateau.
Vanadium mining was initiated in the mid-1930s; he noted that the mines were
not ventilated.  He then reviewed the uranium mining operations across the years
1947-1981; approximately two-thirds of the mines were in the Colorado Plateau
region.  The peaks of uranium mining production were in the 1960’s and the
1980’s on the Colorado Plateau (Moab, Monticello, and Uravan areas and the
Grants Mineral Belt).  The peak number of mines in operation was around 750, a
total reached in the mid-1950s.  The AEC stopped buying ore in 1962.  However,
it continued to purchase concentrates (yellowcake) from the mills through 1970.

Most uranium ore was mined from sandstone.  Mining involves drilling,
blasting, and mucking, the extraction of the ore.  The needs for mining include
compressed air and water; powder, blasting caps, and fuses; and a shovel or
machine to load the ore.  Typically blasting was done at night and the miners
would return the next morning without ventilation operative in the mine.  In the
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early mines, ventilation was used primarily to reduce blasting fumes.  Chenoweth
explained that the typical cut was made with a burn of multiple fuses.  The miners
used wheelbarrows in remote areas and the larger mines used compressed-air
locomotives.  There was no ventilation when the 1952 measurements were made.
There were incentives for miners to be productive since the AEC needed the
uranium.

Chenoweth showed the structure of a larger Grants mine with a central
ventilation shaft.  He also showed a map of the Uravan area near the Colorado-
Utah border.  Brenner asked whether some of the vanadium miners beginning in
1936 were also uranium miners later.  The answer was “yes.”  The same mines
were mined back in the 1920’s for radium; there was a radium industry from 1910
through 1923.  Douglas Chambers stressed that many of the miners worked their
own mines on weekends and others were vanadium miners before they worked in
uranium mines.  Krewski asked whether there were houses in the area.  The
answer was  “no,” as the mines tended to be in very remote locations with just a
few ranches nearby.

The mines were generally 400 to 800 feet below the surface, although some
were as much as 2000 feet deep.  Chenoweth provided definitions of various
mining terms: a “stope,” the site of mining, is an area at the end of a “drift,” or
passage; a “raise” is a passage up between drifts whereas a “winze” is a passage
down between drifts.  A map of one early mine showed that there was no ventila-
tion as the rooms were interconnected and the open rooms had randomly placed
pillars.  The Deremo mine was the largest that Union Carbide mined in the
Uravan area.  Pictures taken by the U.S. Bureau of Mines in 1953-1955 do not
show ventilation; one photo showed a fan that was not in use.  Chenoweth
surmised that it may have been used for venting blasting powder.  Between 1948
and 1956, smaller mines probably had less ventilation.  Ventilation rates are
affected by temperature and recirculation of radon progeny could have been a
problem.

There were various types of operations [U.S. Vanadium (USV) contractors,
large mining companies like Walter Duncan, Climax Uranium, Kerr-McGee,
Union Carbide, small mining companies, Vanadium Corporation of American
(VCA) mines, VCA leasors, small independent operators, and one- or two-man
operations].  Some of these mines probably had adequate ventilation, that is,
about 500 cubic ft per minute, enough to keep oxygen concentration at about
20%.  Early miners did not live in the mines but typically lived in boarding
houses; they worked 12-hour shifts and worked 30 days and then spent four or
five days in town.

Chenoweth presented a summary of the key events in the history of uranium
mine ventilation.  Diesel-powered trucks and loaders were introduced in the
1960s.  Respirators were issued, but they were not necessarily worn. A Bureau of
Mines report (IC07908) states that the Climax Uranium Co. Was the first to use
rubber-tired diesel equipment in their mines in the Uranan area in the early 1950s.
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Union Carbide adopted extensive air sampling in 1957; it began using diesel in
1958.  A shut-down level of 10 WL was adopted in 1958.  The U.S. Department
of Labor proposed a 3.6 WLM exposure limit in 1969.

Samet asked whether there is any information on arsenic in these mines.
Chenoweth explained that a few years ago the Bureau of Land Management
asked for a sampling for trace metals in mine dumps.  Arsenic was a constituent
of some uranium ores.  With respect to the question of how many total miners
were employed, Chenoweth pointed out that 780 Native American miners were
included in the Public Health Service’s epidemiologic study, but the Navajo
Tribe has registered approximately 2,500 former miners through its Office of
Navajo Uranium Workers.  There were about 75 miners in 1948 and 5,000 in
1960.  Frank Lundin had advised Neal Nelson that 15,000 miners were identified
in the Public Health Service surveys, beyond those included in the epidemiologic
study (U.S. Bureau of Mines).  The current number of miners worldwide is
uncertain but underground uranium mining is no longer carried out in the U.S.
Some of the current sites of active uranium mining include Canada, China, and
Russia.  Uranium production is down substantially since the early 1980s and
there is now an oversupply of uranium.  Countries producing uranium in 1995
were:
• Canada 32% (of world total) • Namibia 6%
• Australia 11% • South Africa 4%
• Niger 9% • France 3%
• USA 7% • China 2%
• Russia 6% • Gabon 2%
• Uzbekistan 6% • Other 6%
• Kazakstan 6%
(From the International Atomic Energy Agency)

James Cleveland (Edmond, Oklahoma)

From 1960 until 1985, Cleveland was with Kerr-McGee.  He provided a
historical perspective on uranium mining in New Mexico.  Uranium mining in
New Mexico began with small mines on the Navajo reservation, which operated
from the 1948 to 1968.  Most Kerr-McGee mines on the reservation were small,
operated by less than 20 people and usually by only two or three.  The Shiprock
uranium mill operated by Kerr-McGee was closed in 1963.  The Grants mineral
belt, the principal site of uranium mining in the state, stretches 200 miles from the
Arizona border to the city of Albuquerque; it is about 25 to 50 miles wide.  The
Ambrosia Lake and the Jackpill-Paguate districts were the first large-scale pro-
duction mining areas in New Mexico.  In 1980, Grants-area mines employed
4,500 to 5,000 people.

Cleveland described a four-day meeting in 1961 between Archer and Wag-
oner, from the Public Health Service, and the industry.  A warning concerning the
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health effects of radon and radon progeny was presented.  Three aspects of
exposure control were addressed: 1) instrumentation for making measurements,
then lacking and very temperamental; 2) ventilation; and 3) record-keeping.

1) Instrumentation for measurements initially involved off-site equipment.
Evacuated flasks were opened underground and then shipped to the Massachu-
setts Institute of Technology or elsewhere for measurement of radon.  The
Kusnetz method was then developed for measuring radon progeny.  The Work-
ing Level (WL) unit of concentration and the Working Level Month (WLM) unit
of exposure were established by the U.S. Public Health Service.  A joint survey
with state health department officials and mine inspectors found high levels of
radon.  The findings were discussed with the industry in 1961.  The Junod
instrument was used universally until 1967 to measure WLs, but this instrument
was very sensitive to environmental conditions.  Gas- and battery-powered air
samplers were used.  The samples were frequently four-hours old before the
measurements were made.  A probe was then developed for alpha counting and
used underground.  One could then measure for 40 to 90 minutes using the
Kuznetz method.  Next, Eberline Instruments developed an instant WL meter
which could provide readings after a 2.5 minute count.  Several groups devel-
oped other instruments for measuring radon.  Area monitors were then designed
that would give warnings.  Cleveland estimated accuracy of the early instru-
ments as plus/minus about 50%.

A discussion followed about the accuracy of the measurements.  Andreas
George indicated that the uncertainties associated with the measurements were in
the range of 50%.  Duncan Thomas asked what was reported—the highs, the lows
or an average?  Douglas Chambers indicated that if there is a bias it is probably
small, but with a substantial uncertainty.  Lubin asked a series of questions about
the measurements: Where were the readings taken?  The answer was “in the
worker’s area in a stope.”  Within a room the concentration tended to not vary
substantially if the air was not very mobile.  How much difference was there
between measurements?  The answer was the variation depended on where the
miners were working, and was possibly up to 4 WLM.  In the Public Health
Service study, Archer assembled all of the measurements and then averaged them
for a particular mine.  That average was then multiplied by the number of months
worked in the mine to obtain WLM.

2) Ventilation was increased in 1962 in most of the mines and the mining
companies started to develop and maintain records.  New Mexico adopted a 10
WL cease and desist level.  Up to that time, ventilation had been natural or used
gas-powered fans.  The large mines in Ambrosia Lake had 30-inch diameter fans.
The major purpose of the fans was to remove powder smoke which contained
nitrogen oxides.  Simple ventilation was used before 1961.  Specifications called
for 500 cubic feet per man per minute and, if diesel was used, greater ventilation
was called for.  State officials had the authority to shut-down mines if ventilation
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was not adequate.  Eventually, large-diameter vent holes, up to 72-inch diameter,
were installed to increase ventilation.  The mines needed parallel ventilation to
deliver fresh air to all parts of the mines.  Secondary protection measures, such as
filters, respiratory protection (a simple two-canister and air supply unit, or a self-
supply unit, depending on levels), and electrostatic precipitators, were proscribed
and the latter were used in isolated instances for short periods of time.

3) Records of measurements taken once or twice a quarter were initiated by
the companies in 1962.  The records used the worker’s time in travel, time in the
stope, and in other locations, and assigned WLM values to each worker.  In 1972,
the work week was assumed to include 40 hours.  When levels were particularly
high, measurements were sometimes taken more than once per week.  Total WL-
hours for the day were then expanded to the work in a week and the exposure was
developed for the month.  From 1967 on, records became quite complete.  Before
1962, however, records were generally of poor quality.  Exposures were grossly
underestimated in the early days of the industry, when the work week was longer
than 40 hours.  Ambrosia Lake mines worked a 48-hour week until 1966.

Hopke asked whether there was smoking underground.  Smoking was banned
in Ambrosia Lake in about 1975.  Standards for exposure to radon progeny were
not in place until 1972 when MESA adopted a 4 WLM standard.

Andreas George (New York, New York)

George addressed sources of variation in the measurements made in mines.
Sometimes measurements were not made in proximity to the miners.  George
provided tables showing some typical measurement values and the range of con-
centrations measured over three days in various locations in the mines (Note: the
mines were not named).  In the table (Table E Annex 2-1), the arrow indicates
either downcast or upcast ventilation by its direction.  The WL values relate to
specific locations in the mines but not to individual miners.  The measurements
were made as often as every 30 minutes.  The variation in WL values within a
stope was generally not large.  Ziemer asked whether there were WL values for
samples taken at similar locations but at different times of the year.  The answer
was “no.”

Methods were developed for measuring the unattached fraction and applied
in the mining environment.  George recalled that measurements were made in
four different mines for one week.  Polonium-218 was measured to determine the
uncombined fraction, which was almost related to the unattached fraction (less
than 0.2 %).  The uncombined fraction tends to be inversely related to particle
concentrations.  In the Beaverlodge uranium mines, diesel was used infrequently
and the vehicles were primarily powered by electricity.  Blasting dust remained in
the mine for long time intervals.  Ventilation ducts were occasionally damaged
during blasting.
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TABLE E ANNEX 2-1

Date Mine Location Activity T(ºF)

9/26-28/67 A 1-stope none (dry) 57
9/26-28/67 A 2-stope track laying 50
9/26-28/67 A 3-drift blasting - ore hauling 50

9/29-10/2/67 B 1-drift none (wet) 52
9/29-10/2/67 B 2-stope slushing/mucking 53
9/29-10/2/67 B 3-stope drilling/slushing 53

10/3-4/67 C 1-stope mucking/slushing (wet) 52
10/3-4/67 C 2-stope blasting/slushing 52
10/3-4/67 C 3-drift none 51

11/2/67 D 1-drift mucking ore (dry) 57
11/2-4/67 D 2-drift drilling/charging 55
11/3-4/67 D 3-drift hauling ore 55
11/2-4/67 D 4-stope drilling/mucking 58

11/6-8/67 E 1-drift drilling/slushing (dry) 50
11/6-8/67 E 2-drift hauling ore 50
11/6-8/67 E 3-drift drilling/charging/slushing 50

11/10-15/67 F 1-stope drilling/mucking (wet) 55
11 F 2-stope drilling/mucking (wet) 60
11/10, 11/13/67 F 3-stope drilling/mucking (wet) 59
11 F 4-stope drilling/mucking (wet) 59
11/14, 11/15/67 F 5-drift slushing/mucking (wet) 49
11/10, 11/13/67 F 6-stope drilling/mucking (wet) 53
11/15/67 F 7-drift drilling/hauling (wet) 60

1/24-26/68 G 1-drift drilling/mucking/hauling 63
1/24-26/68 G 2-drift drilling/mucking/hauling 53
1/24, 1/25/68 G 3-heading mucking (dry) 67
1/26/68 G 4-heading drilling/charging 69

2/1-2/68 H 1-drift drilling/slushing 34
1/30-31/68 H 2-drift slushing/mucking 39
1/30, 2/1/68 H 3-drift drilling/slushing/hauling 45
2/1-2/68 H 4-drift drilling/slushing 44
2/2/68 H 5-drift none 40
1/30, 3/1/68 H 6-stope drilling/slushing/mucking 42

2/6, 7/68 I 1-drift near shaft/ore hauling 55
2/5/68 I 2-drift blasting/slushing 55
2/5-7/68 I 3-heading drilling/slushing 62
2/5-7/68 I 4-cross-cut 60
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Ventilation Radon
RH(%) (Ft3/min) (pCiL–1) WL Mines

79 5,500 ↑ ND 0.67-2.8 Beaver
93 2,200-4,400 ND 1.4-4.5 Mesa,
93 4,500-5,900 ND 1.9-4.5 Colorado

94 22,000-34,000 ↓ ND 0.95-1.4 Beaver
95 200 ND 2.1-2.4 Mesa,
97 1,000 ND 2.1-2.3 Colorado

96 2,000 ↑ ND 5.0-5.5 Uravan,
96 3,500 ND 3.8-4.1 Colorado
97 13,000 ND (3.8)

47 27,000 ↓ (410) (0.69) Uravan,
78 900 190-380 0.66-1.13 Colorado
73 3,000 (260) (1.1)
71 1,000 410-1000 0.41-0.78

81 500 ↓ 460-1000 1.27-3.10
63 3,000 ND 1.15-2.0
82 3,000 (on/off) 180-270 0.36-0.67

57 1,500-3,000 ↓ (430) 0.35-2.13 Uranum,
84 none (490) (1.28) Colorado
95 none (360) (2.36)
92 none (340) (1.74)
66 fresh air 5,000-9,000 88-110 0.22-0.27
92 7,000-9,000 180-220 0.42-0.46
94 ND (540) (1.28)

81 14,000 ↑ 380-420 0.8-1.0 Ambrosia Lake, NM
80 8,000 1350-1790 3.1-5.10
90 (convection) 1900-2300 (1.70)
92 ND (680)

57 26,000-29,000 ↑ 330-370 0.26-0.43 Ambrosia Lake, NM
66 4,000 830-1010 1.04-1.08
71 3,000-6,000 780-1150 1.4-2.1
60 6,000 770-920 1.28-1.60
62 15,000 (exhaust) (870) (2.13)
67 3,000 670-960 1.10-1.37

84 (fresh air) 66,000-72,000 ↓ 84-190 1.19-0.23 Ambrosia Lake, NM
84 3,000 (160) (0.26)
94 3,000-5,000 640-900 2.2-2.7
95 1,000-2,000 1020-1440 3.0-3.8
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Measurements were made using diffusion batteries developed in his
(George’s) laboratory.  A bimodal distribution of alpha activity was found in
some mines, similar to more recent information from homes.  The 5-6 nm size
was critical because this size is relevant for the bronchial deposition.  Classical,
bimodal, or unimodal (diesel mines) distributions were obtained for activity-
weighted sizes.  Five nm is the critical size for the tracheal deposition.  NCRP
1978 gives a number of about 1.7, which should be compared to 4 in the publica-
tion “Summary of dose conversion factors from reanalysis of New Mexico ura-
nium mine particle-size data.”  Most of the progeny are attached to the larger
particles while the smaller particles are deposited in the lung.  It is realistic to
assume two-fold variation in measurements from mine to mine.

Douglas Chambers (Ottawa, Canada)

Chambers discussed the characteristics of several mines, beginning with the
Newfoundland fluorspar mines.  The Black Duck Mine opened in 1933 and there
was not forced ventilation until the 1950s.  For the Newfoundland fluorspar
mines, uncertainties are quite high for data before 1967, perhaps as high as 300-
fold.  The miners smoked heavily and it was a very dusty environment.  Cham-
bers was not aware of other contaminants in the mines, such as arsenic.  The
reconstruction of exposures for these mines has been difficult and the approaches
used have been as much as can reasonably be done.

The original client for uranium from the Ontario mines was the U.S. AEC.
Two uranium mines were operational in Ontario in 1955; in 1958 there were 15
mines.  Between 1955 and 1981,  131,000 radon-daughter measurements were
made over 141 mine-years of operation, averaging 929 measurements per mine-
year.  Two sets of exposures were calculated, “standard” and “special” (see 1988
NRC BEIR IV Report for a description of these two sets of exposures).  Exposure
to aluminum powder was used in an attempt to prevent silicosis.  The Canadian
report on health and safety in mines is a potential source of information (Cana-
dian Task Force on the Periodic Health Examination 1990).

A comparison was made between past and present exposure conditions.  Pre-
1958 conditions included radon progeny at 0.3 to 1.4 WL and mineral dust at
approximately 1 to 9 mg/m3 and for 1990 conditions at 0.05 to 0.3 WL and 0.05
to 1 mg/m3, respectively.  The lung-cancer experience of Ontario uranium miners
with and without gold-mining history was provided.  The observed to expected
ratio was greater for those with gold-mining experience.

Chambers also provided information concerning the Port Radium uranium
mine.  In the Port Radium mine, the ventilation was frequently turned off in the
winter months.  Arsenic may have been 6-7% of the pitchblende ore.  Exposures
to radon progeny were estimated based on retrospective reconstruction.  The ore
grade was high and yielded high WLs (50-100 WL).  The original estimates were
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done by Frost with Eldorado Nuclear.  Chambers indicated that he has all of the
records for the Port Radium mine.

Chambers also discussed the Beaverlodge mines.  There has recently been a
reassessment of exposures for some of the miners in the epidemiologic cohort of
Beaverlodge mines.  He noted that at Beaverlodge, while the person running the
drill would be expected to get the highest dose, this was not necessarily the case.
In 1990, the Atomic Energy Control Board asked if exposures  could be recon-
structed from the records.  The Schwartzwalter Mine in Colorado is similar to the
Beaverlodge Mines.

Chambers then discussed the estimation of WLM for Beaverlodge miners.
Exposure was estimated by year and type of workplace.  Men tended to migrate
from one mine to another in the Beaverlodge area and this was not accounted for
in the exposure reconstructions.  There were six or seven mine areas and nine
work-type categories.  The reconstructed exposures were compared to the origi-
nal estimates used in the epidemiologic report of Howe and colleagues.  The
correlation was strong, although the original exposure estimates tended to be less
than the revised exposure estimates.  Means rather than medians of individual
measurements were used in the new estimates.  A summary of observations in the
cohort was provided.  Many of the miners lived in homes built on uranium-
containing foundations. A positive correlation was found between WLMs and
konimeter data for particle counts.  The category of a miner at first work was a
factor (miners needed previous work experience).

Finally, Chambers provided some remarks concerning the Colorado Plateau
study.  In the Colorado mines, exposures were deliberately overestimated (see
Lundin and others 1971). For other hardrock mining, exposures at concentrations
of 1.0, 0.5, or 0.3 WL were assigned.  A crude trace of work histories of 29 people
was presented from Archer, 1966.  The uncertainties were related to the location
of the miners and their work histories.  Studies in the past have not sufficiently
considered the uncertainties in the exposures.  The exposures after 1969 were
probably not that significant, particularly in comparison to earlier years.

Jonathan Samet (Baltimore, Maryland)

Samet began by recommending a book, Uranium Frenzy by Raye C.
Ringholz (University of New Mexico Press), for a review of the early history of
the uranium-mining industry.  He reviewed the measurements made in the New
Mexico mines.  Measurements were first made in the 1950s and by 1961-1967,
WL measurements were being made routinely by the State Mine Inspector, the
State Health Department, and the industry.  He showed examples of data sheets
for the years through 1967.  Person-weighted totals of the individual measure-
ments were made.  These were referred to as Total Mine Indexes; the data sheets
also included measurements by the type of area.  Samet showed the scatter in the
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data and the substantial variation in the measurements made within individual
visits.  Jim Cleveland mentioned that inspections by the State Agencies were
unannounced.  Attention was not paid to ventilation if the inspection results were
satisfactory.  Exposures in the Colorado Plateau were grossly underestimated by
small companies.

Discussion Of Exposure Estimates

Samet reminded the participants that time-dependent errors affect the expo-
sure estimates with implications for the committee’s modeling.  Hopke com-
mented that there is ample qualitative information on errors, but it is not clear
what should be done quantitatively. Brenner indicated that the uncertainty ap-
pears to be more of a problem in the small mines.  Can mine size be incorporated
on the basis of the total number of miners? Gilbert mentioned that the committee
may want to develop a questionnaire.  Can we remove certain cohorts for which
the uncertainty was largest?  Can we rank cohorts? Can we obtain additional
data? Chambers mentioned that the presence of other factors in the dust should be
considered.  Lubin mentioned that data on arsenic are available for the China and
Ontario cohorts.  The Swedish study has some information on silica and the
Czech data have some additional information as well. Chambers mentioned that
he had inquired about this issue (other contaminants) in the mines that he visited.
Do higher levels of exposure to radon progeny entail higher exposures to other
agents? Has there been consideration of parallel analyses of entire cohorts versus
the group with exposure to uranium alone.  Ziemer asked “How consistent are the
ore forms”?  There appears to be a difference from location to location.  Bill
Chenoweth has a report (PP-320) describing measurements made by the U.S.
Geological Survey of trace metals in different mines.  There are data available
from Union Carbide in Grand Junction from retired ventilation engineers and
state records (by engineers such as Vern Bishop, Bob Beverly, and Ben Kilgore).
Umetro Minerals Corp. is now doing restoration.  Lubin asked—How common
was it that workers worked at their own mines on weekends and holidays? Hopke
asked—What do we mean by “other hardrock”? Gold and silver mines were
common, as opposed to vanadium (or copper mines).  The Port Radium mine was
reopened as a silver mine (Chambers).  The participants were reminded that
AMSA keeps records on other metals in mines (Nelson).

What fraction of mines used diesel?  Jim Cleveland answered that Kerr-
McGee was almost all electric until the last few years; United Nuclear was mostly
diesel.  The Ambrosia Lake mines were mostly diesel.  Was the use of diesel
always accompanied by better ventilation? Yes.  Good ventilation was needed for
the diesel.  Diesel was used in the ’60’s.  Typically the miners blasted at noon and
at 8:00 pm.  They could not leave the lunchroom until 30 minutes after blasting.
There was no diesel used until 1958 on the Colorado Plateau.  By 1971, diesel use
was as much as 90% and reached 100% by 1980.  What were other sources of



Copyright © National Academy of Sciences. All rights reserved.

Health Effects of Exposure to Radon: BEIR VI
http://www.nap.edu/catalog/5499.html

UNCERTAINTY IN ESTIMATING EXPOSURES TO RADON PROGENY 343

particles in the air of the mines? Drilling and diesel were the major causes.  The
drilling did not fracture sandstone sand grains and  the rock was very wet (20%
moisture) at Ambrosia Lake.  Slushing created some dust.  Colorado mines were
mostly dry mines with substantial dust.  Mucking, pushing ore out the haulway,
dropping it down chutes, and like activities, all created dust.  In the late 1970s and
early 1980s, gravel was hauled in for building good roadways.  Was the mineral-
ogy about the same throughout the Colorado mines? No, the mines differed in
vanadium and other metals.
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E-ANNEX 1

Exposures to Miner Cohorts:
Review of Estimates for the Studies

Colorado Plateau Uranium Miners

Introduction

Uranium mining in the Colorado Plateau expanded rapidly in the post-World
War II period to include more than 200 mines by 1950 (see Time Line E-1).  The
start of an industry and the boom times did not lead to orderly administration and
record keeping, c.f. Czechoslovakia and Ontario below.  Moreover, some of the
miners who worked in the mines during the post-war uranium boom had previ-
ously worked the same ore bodies for radium and vanadium without any account-
ing of exposure to radon progeny.  Most of the early mines were small and
depended on natural ventilation so that ambient temperature change was the
driving force for exchange of the mines’ air with outside air.  Until 1967, mining
operations were regulated only by the states where mining was taking place, even
though all ore was sold to the Atomic Energy Commission.  There was no re-
quirement in place for measurement of exposure and there was not a federal
standard for exposure to radon progeny.  Consequently adequate ventilation prac-
tices were not uniformly introduced from the outset and the extent of radon
measurement was initially quite limited.  As a result, estimates of cumulative
exposures to uranium miners on the Colorado Plateau were largely based on
various estimation procedures rather than direct measurements relating to a par-
ticular mine shaft or even the mine where a given worker was exposed.

The history of radon exposures to the miners was described by Holaday
(1969) and the approaches followed by the U.S. Public Health Service for esti-
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mating exposures of individual participants in the epidemiologic study of Colo-
rado uranium miners are described in National Institute for Occupational Safety
and Health-National Institute for Environmental Sciences Joint Monograph No. 1
(Lundin and others 1971).  A 1968 report of the Federal Radiation Council
addressed the accuracy of the exposure estimates.  SENES Consultants Limited
of Ontario, Canada, has prepared a report entitled “Preliminary feasibility study
into the re-evaluation of exposure data for the Colorado Plateau uranium miner
cohort study” (SENES 1995).  This report provides an extensive description of
the calculation of the WLM values for the epidemiologic study and gives insights
into the sources of variability and error in the estimates.

Estimation of WLM

The following description is taken largely from the 1971 monograph
authored by Lundin and colleagues.  The U.S. Public Health Service began
surveying for radon in uranium mines in 1949.  In 1950 they were joined by the
Colorado State Department of Health and in 1951 by the U.S. Bureau of Mines
for mines on Indian reservations.  Coverage was far from complete; 1949 “a few
measurements,”  1950 “relatively few mines,”  1951 “but again coverage was
incomplete,” (Lundin and others 1971).  By 1952 an effort was made to survey
all operating mines and radon progeny were sampled in 157 mines.  This sam-
pling may have examined most of the larger mines, but government records
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indicate that over 450 mines shipped ore in 1951.  Mining companies introduced
radon surveys in 1956 and the state programs continued through 1960.  Both
company and state-sampling efforts were made in work areas for information
purposes, not for control purposes, and “are considered to be representative of
the areas in the mines in which miners were exposed” (Lundin and others 1971).
This early data base is of primary importance in considering the adequacy and
precision of miner’s exposure estimates as utilized in epidemiology assessments
of risks due to radon since a large portion of the cumulative exposure occurred in
the 1950’s.

By 1960, exposure levels had dropped precipitously in anticipation of
Colorado’s adoption of a 10 WL shutdown level in 1961.  However, regulatory
control probably reduced the validity of the measurements in mines for epidemio-
logic purposes.  As outlined in Joint Monograph No. 1, the most complete de-
scription of the Colorado Plateau miner data (Lundin and others 1971) “Most
radon daughter measurements available from Colorado, Utah, and Wyoming
after 1960 were made by mine inspectors who measured air samples primarily for
control purposes.” This may have led to bias in the estimated exposures.  As
noted by Lundin and others (Lundin and others 1971), “Proportionately more
measurements were made in sections of mines having high levels which tended to
yield radon-progeny values greater than would have been obtained by sampling
all work areas with equal frequency.”  In addition more measurements were
concentrated in mines having high levels of radon.  The U.S. P.H.S. investigators
who assembled the data base for estimating cumulative exposures chose to ex-
clude company measurements made after 1960 on the grounds that they might
have been “minimized to avoid regulatory action.”  The aim was clearly “to
assure a consistent direction of bias, that is, over estimation of radon daughter
levels” (Lundin and others 1971).

Even though the number of radon-progeny measurements increased during
the 1960’s, the number per mine increased only slowly from about six in 1960 to
almost 12 in 1968 (Figure E Annex 1-1).  Measurements of radon progeny in a
particular mine were never extensive and, more importantly, were not made on
even a once per year basis in the majority of mines.  Only 341 miners, about 10%
in the Colorado Plateau miner cohort, had their exposure assignments based on
measured radon-progeny concentration.  For the majority of the miners, informa-
tion on measured levels was combined with estimates made using a variety of
methods as described by Lundin and others (1971).

Many of the uranium miners were also employed as hardrock miners or
previous to 1950 some had mined the same ore bodies, where uranium was found,
for radium, vanadium etc., particularly in the Urivan Mineral Belt in Colorado.
In the epidemiologic study, hardrock miners were assigned an exposure level of 1
WL for mining that occurred before 1935, 0.5 WL for 1935 through 1939, and 0.3
WL for later years (Lundin and others 1971).  No information is given as to the
basis of these estimates but a statement is included in Joint Monograph No. 1
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(Lundin and others 1971) which indicates these estimates were thought to have
been too high and that the average exposure was less.

A re-evaluation of a sample of the Colorado Plateau cohort for exposure
during hardrock mining is described in Monograph 1.  This reassessment indi-
cates that the tabulation of hard rock mining duration was subject to error and that
misclassification of exposure was fairly common for that portion of a cohort
member’s work experience.  For example, for a sample of 101 cases and 202
controls, misclassification was only about 10% for cumulative exposures of less
than 20 WLM but 50 % or more at higher levels.  Nevertheless, hard rock mining
may be a relatively unimportant source of exposure compared to the mining of
uranium-bearing ores for which exposure levels were often much higher than 1
WLM.

Because relatively few mines were initially monitored for radon or radon
progeny, exposure estimates in uranium mines that occurred before 1951 were
referred to as “guesstimates” in Joint Monograph No. 1 (Lundin and others 1971).
According to that report, “guesstimates” were made on the basis of knowledge
concerning ore bodies, ventilation practices, emission rates from different types
of ores, and such radon or radon progeny measurements as were performed in
1951 and 1952.

FIGURE E ANNEX 1-1 Frequency of radon-progeny measurements on the
Colorado Plateau in two-year intervals 1950-1969.  Source: Presentation to the
committee of analysis of the data tapes for the Colorado Plateau miners by
Duncan Thomas and Dan Stram, September 1995.
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For mining that occurred after 1950, three other methods were used to esti-
mate exposure levels.  By far the most common was a process called area average
estimation.  This consisted of using the available, albeit often sparse, measured
values to estimate concentrations in a given locality to obtain an “area average.”
In order to reduce sampling variability for these area averages it was required that
three or more mines and ten or more samples had to be available for a locality in
a year, otherwise the locality was assigned the average for the district in which it
was located (Lundin and others 1971).  If sufficient data for a district were not
available, a state average was used or, in a few cases for which state data were
insufficient, data for the state of Colorado were used.  The degree to which area
estimates were used to obtain exposure estimates is not often appreciated.  Area
estimates account for most of the exposure assignments throughout the study
period of the Colorado Plateau cohort (Figure E Annex 1-2)  Monograph 1
implies that when an individual mine was thought to differ appreciably from
others in the same locality due to its ore quality or mining practices, guesstimation
was substituted for an area average.

To complete gaps in the measurements in calculating individual WLM esti-
mates, a system of extrapolation, interpolation, and expert judgment was used to
estimate the exposure in mines monitored less frequently than once a year.  For
mines with actual measurements at least once every five years, working-level
estimates were obtained by interpolation, that is, averaging the measured values

FIGURE E ANNEX 1-2 Bases for the assignment of exposure estimates by
calendar year 1950-1969.  Source:  Presentation to the committee of analysis of
the data tapes for the Colorado Plateau miners by Duncan Thomas and Dan
Stram, September 1995.
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(Lundin and others 1971).  Approximately 20% of the exposure assignments
were made using this method (Figure E Annex 1-2).  An assessment of this
extrapolation procedure described in Monograph No. 1 indicates that it tended to
overestimate exposures in the early years of mining but became more valid in the
1960s as information from more frequent measurements became available.

For mines with yearly monitoring information available, the measured con-
centration was used to assign a worker’s cumulative exposure in a given year.
Table IV-3 in the BEIR IV Report (NRC 1988) indicates that the number of
measurements per year per mine surveyed was usually between 10 and 20 after
1959 so that the measured values provide a reasonably stable estimate of the
average working levels in those areas monitored.  However, the average number
per mine was somewhat less, 8-9 as illustrated in Figure E Annex 1-1.  Although
nearly 43,000 measurements were obtained (Lundin and others 1971), there were
about 2,500 mines and measured concentrations were not a frequent method of
exposure assignment.  Figure E Annex 1-2 indicates that from 1959 to 1969 only
10-20% of the exposure assignments in a given year were based on direct mea-
surement of radon progeny concentration and that even fewer were made on such
direct information prior to 1959, when exposure levels were, on the whole, much
higher.

Assessment of Errors in the WLM Estimates

A comparison of exposure estimates in relation to calendar year is given in
Figure E Annex 1-3 for each assignment method.  Except for 1950, estimates
based on the extrapolation procedures are in reasonable agreement with those
based on direct measurement while area average estimates tend to be somewhat
greater than obtained by other methods.  This may in part be due to measurements
having been made more frequently in large mines having more employees and
because of larger capital investment in better ventilation.

The degree of variation in exposures among workers in a given mine was not
well characterized.  Before 1960 mechanical ventilation was not commonly used
and a near equilibrium between radon and progeny was probably the rule under
conditions of convective ventilation as indicated by the early data described by
Holaday (1969).  There appears to be no information on aerosol size distribution
or even the unattached fraction in early mines.  Even though diesel power was not
common, compressed air or electricity was used to operate equipment including
ore cars; dust was plentiful from drilling and hauling operations so that it is likely
that the unattached fraction was low.

An extensive study of air quality in nine uranium mines was carried out by
the AEC Health and Safety Laboratory (HASL), now the DoD Environmental
Monitoring Laboratory, in 1967-1968.  Mines were selected by the U.S. Bureau
of Mines to represent a cross section of the uranium mining industry (Breslin and
others 1969).  This investigation was in response to the concerns expressed at the
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Joint Committee on Atomic Energy hearings in 1967 in which the validity of
exposure and early risk estimates of increased lung cancer in miners were ques-
tioned.  A particular point in question was “the extreme variation of atmospheric
characteristics within a mine and among mines”; the HASL study was directed at
exploring this question (Breslin and others 1969).

The nine mines studied ranged in size from having two to 112 workers.  Ore
production varied from 150 to 11,000 tons per month.  Mechanical ventilation
rates varied from 5,600 to 100,000 cu. ft. per minute.  Given this range of condi-
tions, atmospheric conditions were surprisingly uniform, giving some credence
to the validity of the estimation methods described above.  In most of the mines
the variation in radon-progeny concentration at different times and locations was
only occasionally as large as a factor of two and 80% of the time had a coefficient
of variation of 30% or less.  The average WL ratio (pCi progeny to pCi radon)
averaged 0.23 with a geometric standard deviation of 1.6 and showed limited
variation with the absolute level of radon progeny.  Equilibrium values F were
also in a narrow range: about two-thirds were between 0.20 and 0.30; mode 0.25.
Polonium-214 was most often at 16% of the equilibrium value, range 0.09 to
0.49.

Simultaneous measurements of radon progeny were made at various loca-
tions in stopes (mining chambers) and in drifts (tunnels).  While drifts showed

FIGURE E ANNEX 1-3 Comparison of mean WL estimation by various methods in
two year intervals 1950-1969.  Source: Presentation to the committee of analysis of the
data tapes for the Colorado Plateau miners by Duncan Thomas and Dan Stram, September
1995.
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greater variation than stopes, as indicated in Figure E Annex 1-4, the report’s
authors indicated that sampling location was not critical within a radius of 10 to
20 feet of the miners’ location and that breathing-zone sampling was unneces-
sary.  Similarly, the HASL study indicated that differences between various
mining operations, for example, drilling, mucking, etc., had little effect on the
measured working level (Figure E Annex 1-5).  No measurements were taken
immediately after blasting but such areas would not have been occupied because
of other safety considerations.  While the HASL study does indicate that mine-
wide averaging probably provides a useful measure of worker exposure in the
mines studies, this is probably less accurate for the high exposures which occurred
before the introduction of mechanical ventilation in U.S. uranium mines.

The recent report from SENES Consultants Limited provides additional rel-
evant information.  Tables for several mines demonstrate substantial variation in
WL values within a mine during a single visit by an inspector, typically one day.
For example, U.S. Bureau of Mines data for one Utah mine in 1968 showed
variation from 0.4 to 5.4 WL across the mine (Table-E Annex 1-1).

The Public Health Service investigators used self-reported mining history
as the basis for estimating time spent underground in specific mines.  This infor-
mation was collected both retrospectively and prospectively during the annual
miner censuses.  The possibility of error in these histories has been acknowl-
edged.  The SENES report provides a series of case descriptions documenting
inconsistencies in these histories and gives a compilation of exposure estimates
for 78 miners for whom exposures have been calculated for both the epidemio-
logic study and for other purposes.  Substantial variation is evident in these

FIGURE E ANNEX 1-4 Variation of radon concentration with distance in
ventilated uranium mine drifts on the Colorado Plateau (Breslin and others 1969).
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estimates, largely reflecting various discrepancies in the alternative work histo-
ries used for the purpose of estimating the exposure.

New Mexico Uranium Miners

Large-scale uranium mining began in the early 1950s (see Time Line E-2)
with the opening of the Jackpile mine, an open-pit mine.  By the late 1950s, a
number of large mines were operating at Ambrosia Lake and the Churchrock
mining district became active in the late 1970s.  The industry continued operating
into the early 1990s, longer than in other U.S. locations, so that miners working
after 1968 have individual exposure records (work location estimates and esti-
mates of exposure) for this period of employment.  These were calculated based
on area measurements and work locations.  For the most part, post-1968 employ-
ment was in very large industrial operations with state of the art ventilation.
Mean annual exposures in 1968 were about 3.8 WLM and declined to 1.2 WLM
or less by 1972 (Samet and others 1986b).  Earlier exposures were not estimated
as accurately, although the State Health Department and the State Mine Inspector
had implemented active measurement programs by the late 1950s.  The state
implemented a progressively more stringent series of shut-down concentrations.
As for the Colorado Plateau miners (see above), median annual exposures were
considerably larger during the earlier years of the industry, about 30 WLM in the
1960’s.  Some members of the New Mexico cohort, who had also mined in the
Colorado Plateau, had annual exposures as high as 300 WLM or more (Samet and
others 1991).

FIGURE E ANNEX 1-5 Variation of radon concentration with distance in
ventilated uranium mine stopes on the Colorado Plateau (Breslin and others
1969).
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Investigators directed substantial effort at tracing employment histories for
the purpose of estimating the cumulative exposures for those employed before
exposure estimates were individualized (Samet and others 1991).  The miners’
underground employment and exposures in specific mines were traced by exam-
ining company personnel records and self-reported work histories taken at the
time of periodic medical examinations.  Estimated exposures for miners who had
worked underground on the Colorado Plateau were supplied by the USPHS
(Lundin and others 1971; Samet and others 1991).  Contributions to the total
mean exposure from various information sources are listed in Table E Annex 1-2
(Samet and others 1991).

With the notable exception of those members of the work force employed on
the Colorado Plateau, this cohort probably has maintained the most extensively
documented exposure estimates.  In this regard, it should be noted that the state of
New Mexico had more extensive and more frequent monitoring for radon then was
common elsewhere in the early 1950’s when exposures were very high (Lundin and
others 1971).  From 1957 to 1967 exposure estimates are based on 20,086 measure-
ments taken during 1,886 visits.  Most annual exposures were relatively low during
this period, mean 4-5 WLM per year, so that this cohort has a large sub-cohort of
miners exposed at low rates and relatively low cumulative exposures.

Beaverlodge Uranium Miners

The BEIR-IV report also includes a description of the exposure estimates
for this cohort (NRC 1988).  Exploratory uranium mining at Beaverlodge,
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Saskatchewan started in 1949 and commercial production began with a greatly
expanded labor force in 1953 (see Time Line E-3).  Radon monitoring was
carried out in 1954 and 1956 but only sporadically until the end of 1961.  A
number of radon-progeny measurements were also made at this time but monitor-
ing was mostly for radon and viewed as a check on ventilation rather than as a
tool for exposure control.  Nevertheless, the frequency of radon-progeny mea-
surements increased and by 1961 exposure records were maintained for all full-
time underground employees.  These records listed each worker’s occupancy
time at each work place on a daily basis.  In 1970 worker’s exposure records were
estimated retrospectively to 1 November 1966 and in 1971 part-time under-
ground workers were included in the exposure assessment (SENES 1989).

TABLE E ANNEX 1-1 U.S. Bureau of Mines February 1968 survey at North
Alice Mine, Utaha

Estimated Average Full Shift
Exposure to Radon Daughtersb

No. of Men Location, Operation (WLc)

2 men, night shift 416 NE from 360 NW; mining 0.5
2 men, day shift 236 from 325 S; mining 1.7
1 man night shift
1 man day shift 240 W inclind station and hoist 1.0
1 man night shift
1 man day shift 248 SE from 225 N; mining 5.4
2 men, night shift 242 S from 190 W; mining 3.6
1 man day shift
1 man night shift 240 W incline to main incline;

tramming 2.2
2 men, night shift 100 S area; mining 0.6
2 men, day shift 147 N from 130 E; mining 2.8
3 men, day shift
2 men, night shift 128 S from 145 E; mining 1.5
1 man day shift
1 man night shift main incline; trip rider 0.4
1 man day shift all areas; electrician 1.4
2 men all areas; mechanics 1.6
5 men all areas; shift bosses 1.4
3 men all areas; staff 1.0
3 men all areas; bratticemen 2.6

aThis table is from a February 1968 report on a Radiation Survey prepared by U.S. Bureau of Mines,
obtained from SENES 1995.
bAverage Levels are estimated from information gained by questioning the miners about where there
time is spent and weighing the radon daughter concentrations in each place by the time spent in that
place.
cNIOSH database: 1967 WL is 1.3, based on 39 measurements; 1968 WL is 3.3, based on 120
measurements.
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Two assessments of lung-cancer risk observed in Beaverlodge miners have
been made by Howe and colleagues (Howe and others 1986; Howe and Stager
1996) using two related but differing exposure estimates.  The first of these
estimates was prepared by Frost (1983) who, observing a wide dispersal in the
recorded concentrations in a given year, assigned the median of this quasi log-
normal distribution as the best measure of exposure.  Although, it was possible to
assign work locations for service personnel, for miners, mine-wide medians were
used in the cohort study reported by Howe and colleagues (1986).

A reassessment of the Beaverlodge exposure estimates was carried by SENES
Consultants, Ltd. at the direction of the Atomic Energy Control Board (SENES
1989, 1991).  This included a painstaking reconstruction of mining activity and
its correlation with exposure information for the Beaverlodge mining complex.
The revised exposure estimates were used by Howe as the basis for a recent case-

TABLE E ANNEX 1-2

Source of Information on Contributions To Mean
Underground Employment Cumulative Exposure

Work outside New Mexico 24.9 WLM
New Mexico Employment records 59.5 WLM
Self reported work histories 11.8 WLM
Company individual records (1967 and later) 10.0 WLM
Other (1967 and later) 5.2 WLM
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control analysis of lung-cancer mortality (Howe and Stager 1996), which used
cases and controls from a previous analysis that used the original exposure esti-
mates (L’Abbe and others 1991).  In the new analysis, averages rather than
medians of the individual measurement data were used to estimate exposure
levels in a given location.  There was also a systematic consideration of the
locations where mining took place at a given period of time and, in many cases,
individual miners could be assigned to a given mine face, as recorded in bonus-
pay information, removing in some measure the radon error inherent in using
mine-wide averages.

The effects of these changes is illustrative of what an improved exposure
assessment can accomplish.  The exposure estimates for each of the miners in the
case-control study were compared to those used in the original cohort and case-
control studies.  In general, the more recent exposure estimates were considerably
higher than the original estimates, the mean exposure increasing from 50.6 WLM
to 81.3 WLM.  There is evidence that the new estimates reduced exposure
misclassification.  Table E Annex 1-3 compares the cumulative exposure esti-
mates used in the original cohort study to the newer estimates for the case control
study.

Because of the wide intervals of grouped exposures, most workers remained
in the same exposure category even though their estimated exposures were on the
average considerable larger in the revised exposure estimates.  However, there
was a decrease in the number of workers receiving low exposures and a corre-
sponding increase at higher levels.  For example, the number of workers in the
200+ WLM group increased from 10 to 15 (Table E Annex 1-3).  Because there
is less misclassification of estimated exposures, the slope of the regression of risk
on cumulative exposure is increased even though the estimated exposures in-
creased.  The original estimate of the excess relative risk from the case-control
was an excess relative risk of 2.70% per 100 WLM while the revised exposure
assessment was 3.25% (Howe and Stager 1996).

TABLE E ANNEX 1-3 Number of miners in each
exposure category

Cumulative Exposure
WLM Cohort Study Case Control Study

0 43 42
1-24 90 80
25-49 15 18
50-99 15 17
100-199 18 19
200+ 10 15
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Ontario Uranium Miners

Uranium mining in Ontario, Canada, started in 1953, somewhat later then in
the United States and was conducted in relatively few mines in comparison to the
United States (see Time Line E-4).  A 12 WLM annual limit was adopted in 1954
with a concomitant decrease in annual exposure thereafter.  Radon measurement
and radon control programs were instituted within two years of the start of min-
ing.  Except for exposures occurring before 1958, exposure estimates are largely
based on actual measurements (SENES 1989).  However, some Ontario uranium
miners had worked earlier as gold miners and were exposed to both radon prog-
eny and arsenic in those operations.  These miners had an estimated average
cumulative exposure 2 WLM due to gold mining (Kusiak and others 1991) com-
pared to an average of 30 WLM in uranium mines (Kusiak and others 1993).
Even for those with gold mining experience, the approximated exposures from
gold mining are only a minor portion of the total exposure.

The BEIR IV report provides a complete description of the exposure esti-
mates for their cohort (NRC 1988).  The radon-progeny measurement program
was extensive: 131,000 measurements in 15 mines.  Exposures were estimated
using different methods for 1967 and earlier years and for 1968 and later years for
which WLM estimates made by the companies were used.  For 1957-1967, WLM
were calculated by combining WL data with work histories.  Two separate sets of
estimates were derived for these years: the “standard” or lower WL values were
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the averages of the four quarterly averages or three four-month averages for a
particular year while the “special” or upper WL values were a weighted average
of the four highest quarterly measurements or the three highest four-month mea-
surements in headings, stoops, raises, and travel ways.  The differences between
these two sets of values varied by mine and by year, with the special values being
up to four times as high as the standard values.  The investigators considered that
the true exposures were bounded by the two sets of values.  For its analysis, the
BEIR IV committee used the WLM values based on the standard WL values.
Some estimation of exposures for the earliest years of the industry, before 1954,
required extrapolation from measured values, taking into account such factors as
ventilation.  These years included the highest exposures and consequently 22
percent of the total WLM accumulated by the cohort was based on extrapolation
of measured values.

Port Radium Uranium Miners

The approach for exposure estimation for the Port Radium miners is well
documented in a 1996 report by SENES Consultants Limited (1996b).  Under-
ground uranium and/or pitchblende mining at Port Radium started in 1932 and
continued, with a two-year interruption, until 1960 (see Time Line E-5).  Because
records of employment before 1940 were not available, exposures occurring
before that date have not been accounted for (Howe and others 1987, SENES
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1989).  Exposures occurring after 1939 have been estimated on the basis of rather
sparse monitoring data for radon.  Between 1945 and 1957, 261 radon measure-
ments were made in seven years of this period, with from nine to 71 samples in an
individual year.  A few radon-progeny measurements were made and only three
paired measurements of radon and progeny were obtained.

Absent information on concentrations of radon progeny, the equilibrium
between radon and its progeny was estimated on the basis of knowledge of mine
operations and by analogy from the Beaverlodge mine and the radon concentra-
tions were then converted to concentrations of progeny.   Although ventilation
was introduced in 1947, it apparently was used in limited fashion during the
winter season because of the cold.  Consequently, the approach to estimating the
WL values considered seasonal variation in equilibrium factor.  The SENES
report provides detailed documentation of the assumptions made in estimating
the WL values from the radon measurements.

Reported radon concentrations were extremely variable ranging from 50-
300,000 pCiL–1 and it is thought that before ventilation was introduced, some
exposures could have been as high as 1,000 WLM per year (SENES 1989).
Unfortunately, such large annual exposures could not be assigned to the involved
workers unless the exposures took place after 1940 because of the missing work-
history information before 1940.

The potential limitations of the exposure data were acknowledged in the
initial report on the findings of the epidemiologic study of Port Radium miners
(Howe and others 1987).  SENES Consultants Limited (1996b) have recently re-
estimated exposures to radon progeny for 171 miners included in a case-control
study (see Table E Annex 1-4).  For the 171 miners, employment histories were
reconstructed and used with revised WL estimates to calculate WLM.  Substan-

TABLE E ANNEX 1-4 Summary of differences between the SENES 
reevaluation of miner exposures and epidemiology exposures used by
Howe and others (1987).  Data from 171 minersa

Months Worked Months Worked WLM

Mean difference –1.64b –5.2d

Maximum 66.93 2908
75th percentile 0.26 69
Median –0.23c 0d

25th percentile –1.97 –12
Inter quartile range 2.24 80
Minimum –38.04 2348

aBased on SENES 1989, table 4.1.
bMean difference significantly different at 5% level.
cMedian difference significantly different from 0 at 1% level.
dMedian difference and mean difference not significantly different from 0.



Copyright © National Academy of Sciences. All rights reserved.

Health Effects of Exposure to Radon: BEIR VI
http://www.nap.edu/catalog/5499.html

322 E –ANNEX 1

tial differences were found in individual estimates, although the mean WLM
values were comparable for the two sets of estimates.  There were large differ-
ences in employment duration for some of the men and changes in estimated
exposure as large as 2900 WLM were found.  The report comments on key
sources of uncertainty in the exposure estimates for the Port Radium miners:
incomplete employment histories for other employment; lack of employment
information for years before1940 when exposures were extremely high; and the
numerous assumptions made in calculating the WL values from the radon mea-
surements.  Finally, the report also indicates that Port Radium ores contained
“significant concentrations of various elements including for example arsenic,
nickel, and cobalt.”

Czechoslovakia Uranium Miners

A cohort of miners in Czechoslovakia, who started uranium mining between
1948 and 1957, has been described extensively in the literature by S̆evc and
Placek (1976), S̆evc and others (1988), Kunz and others (1978, 1979), and more
recently by Tomás̆ek and others (1993, 1994a,b).  This cohort is often designated
as group S by the Czech authors (see Time Line E-6).  Compared to miner studies
in other countries, exposure information for group S is among the most extensive.
Measurement of radon and other potentially hazardous materials had become
routine in Czech mines before 1948 so that estimation was not necessary for
periods of employment during which radon measurements were not made.  Even
so, exposure estimates for radon-progeny exposures prior to 1961 are based on
radon concentrations as concentrations of progeny were not measured.
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These radon measurements were, however, extensive, the annual number
varying from 100 to 700 per shaft (S̆evc 1993).  Estimates of WLM for years
before 1961, during which radon measurements only were made, were based on
F values taken during periods of ventilation failure which occurred in 1969 and
1973.  These data indicated an F value of 0.86 for the earliest years 1948-1952.
From 1961-1969 the mean number of annual radon-progeny measurements re-
corded per shaft was 952, about 3 per work day.

In 1953, natural ventilation was augmented by mechanical means and F
values decreased to an estimated average value of 0.55 in 1953-1959 and to 0.36
thereafter.  Czech investigators estimate the coefficient of variation in converting
radon levels to working levels as 28%.  The fraction of unattached plutonium-214
has been estimated by Czech investigators as 0.1 (Hamilton and others 1990).

Estimated exposures of these miners have recently been reevaluated
(Tomás̆ek and others 1994a,b).  The principal change appears to have been a
more thorough investigation of workers’ employment histories to take account of
prior mining experience and the assignment of exposure for each month based on
the particular shaft in which the miner worked.  In any event, the newest account
given below is more complete than those published previously.  Additional back-
ground can be found in a report of a WHO-sponsored trip to Czechoslovakia
made in 1988 by L.D. Hamilton, L.W. Swent, and D. B. Chambers (published by
SENES Consultants Limited—see Hamilton and others 1990).

“During 1949-1963 about 39,000 measurements of radon gas were made in
the 19 mine shafts in Jachymov and Horoni Slavkov in which the men were
employed.  Some men also worked, particularly after the closure of most shafts at
Jachymov and Horoni Slakov in 1963, at other Czechoslovak uranium mines, and
substantial numbers of measurements were also made in these mines.  An initial
review of exposure estimates used in previous reports found a considerable num-
ber of errors, and for some miners a part of their employment histories had not
been taken into account.  Therefore, exposure estimates have been completely
revised for the present analysis, based on a review of all available information.
The radon-gas measurements were converted into estimates in terms of working
levels using equilibrium factors based on radon-progeny measurements made
after 1960, and on data collected during two accidents in the uranium mines at
Zadni Chodov in 1969 and at Pribram in 1973, when mechanical ventilation was
stopped for at least a month.  An estimate of each man’s exposure in each month
in terms of working months (WLM) was calculated from the time he spent in
each mine shaft in conjunction with the year- and shaft-specific WL estimates.
Men worked 6 days per week with 1-month of holiday each year.  For most men
underground work was assumed to last 8 hours per day, but for geologists, safety
and ventilation technicians, and emergency workers, it was estimated that 70% of
working time was spent underground, while for managers 50% was estimated.
About 300 men were involved in exploratory work, which was normally carried
out in shallow shafts near the surface.  Explicit radon measurements are not
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available for this work, but exposures are thought to have been low, and are
estimated at 3.3 WLM per year” (Tomás̆ek and others 1994a).

With regard to the magnitude of exposure error, it is of interest that less than
5% of the new exposure estimates differed by as much as 50% from those used in
previous analyses of these data.  The mean cumulative exposure in the new
evaluation is 219 WLM compared with 227 WLM in the older work (S̆evc 1993).
Presumably, random error as well as systematic biases were reduced in the re-
evaluation.  Using a simple model in which the estimated relative risk is linearly
related to the cumulative exposure yields a relative risk of 0.37%/WLM (95%
C.I. = 0.18-0.55) with the old exposure estimates.  With the new ones the esti-
mated relative risk is 0.61%/WLM (95% C.I. = 0.29-0.8) (Tomás̆ek and others
1994), providing evidence that the dose-response was flattened by errors in the
original exposure estimates.

French Uranium Miners

Uranium mining in France started in 1946 with exploratory operations that
continued through 1948 when extensive commercial operations commenced (Tir-
marche and others 1984, 1993) (see Time Line E-7).  The first reported radon
sampling occurred in 1953 when 40 measurements were taken, an average of 10
per mine.  Large-scale radon monitoring began in 1956 when forced ventilation
was introduced.  Exposures prior to this date have been estimated retrospectively
by an expert group which considered mine characteristics and type and duration
of work.  For this early period, before forced ventilation, exposures were rela-
tively high and varied substantially between individuals.  The estimated median
annual exposure from 1947 through 1955 was 11 WLM and varied for the 3rd
quartile up to 55 WLM per year.

Exposures declined rapidly after forced ventilation was introduced, median
exposures averaging about 3 WLM per year from 1956 to 1975 with a further
decline to 1 WLM by the early 1980’s.  About half of the French miners started
their underground employment before 1956 but most of their person years of
exposure occurred after monitoring became comprehensive, ventilation improved,
and exposures were relatively low.  Nevertheless, for a large number of the
French miners, a major portion of their cumulative exposure was based on esti-
mations by experts for the period when ventilation was poor and routine monitor-
ing lacking.  After sufficient monitoring data became available, worker-exposure
assessments were individualized to some extent by considering the type and
location of work performed.  Recently, personal dosimeters, using track-etch
dosimeters, have provided direct information on individual miners.  This has
allowed a comparison of exposure based on area monitoring in 1982 with direct
personal measurements in 1983.  The comparison indicated that annual exposures
based on area monitoring and work locations were, on the average, underestimated
by almost 30% (Bernhard and others 1984; Piechowski and others 1981).  Con-
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sidering the year-to-year variation in the true levels and miner location, as well as
the accuracy of the personal dosimeters, the reported difference may not be
indicative of a significant bias in the exposure estimates.

Radium Hill Uranium Miners

The Radium Hill mine began operations in Australia in 1952 and radon
monitoring began two years later (see Time Line E-8).  In estimating exposures,
exposure levels in the prior years were assumed to be the same as in early 1954
(Woodward and others 1991).  A total of 56 samples were collected by 1 April
1955. Early radon concentrations were low (estimated 1.8 WL) even before forced
ventilation was introduced and declined substantially thereafter—range 0.10-0.55
WL.  Apparently only radon concentrations were measured; WL concentrations
were estimated by means of a calculated equilibrium factor based on ventilation
rates and air volumes at various locations but such methods do not account for
plate out and recirculation of progeny.

Enough radon measurements were made to allow exposure estimates by job
category for work after 1 April 1955.  The estimated exposures for workers show
an exponential distribution with a median exposure of 3 WLM; a mean of 7
WLM and a 3rd quartile limit of 7.4 WLM.  A few heavily exposed workers
received about 80 WLM (Woodward and others 1991).
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Chinese Tin Miners

Exposure assessments of Chinese miners employed by the Yunnan Tin Cor-
poration are largely retrospective as no measurements of either radon or radon
progeny were made prior to 1972 when mechanical ventilation was introduced
(see Time Line E-9).  Exposure estimates for two periods prior to 1972 reflect
changes in the mining industry that occurred after nationalization in 1949.  Be-
fore nationalization, mining was conducted in small mines with back hauling
performed manually, often by children (Xuan and others 1993).  To estimate
exposures under these conditions, 117 measurements were made in 13 local mine
pits that had been in operation before the large-scale expansion of the tin mines
that started in 1953.

Exposure estimates for miners employed between 1953 and 1972 were based
on 413 measurements obtained in the 1990’s by recreating conditions in tunnels
and galleries in original areas or in similarly configured areas in nearby mines
that used techniques similar to those in the index year (Xuan and others 1993).
Evidently, there was little change in radon progeny concentration in the larger,
post 1953 mines.  The reported average mean WL before 1950 was 2.3 + 0.8 and
2.2 + 1.2 thereafter.  Mechanical ventilation was introduced rather slowly with
priority given to new tunnels.  Working levels decreased moderately in 1971-
1975 to 1.7 + 1.1, to 1.2 + 0.8 in 1980 and 0.9 + 0.3 in 1985 (Xiang-Zhen and
others 1993).  Exposure estimates from experience since 1972 have been based
on over 26,000 measurements of radon progeny.
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Little information is available on other characteristics of the occupational
environment.  Equilibrium factors, F, were measured in 1977-1978 and found to
vary from 20% to 84% with a mean of 72% in “small pit operations” and of 62%
in “larger tunnels” (Lubin and others 1990b).  Evidently the mean of 72% refers
to conditions prior to 1953 and the mean of 62% to the expanded operations.  In
any event the mines were very dusty by contemporary standards.  Airborne dust
was first measured in the 1950’s and maximum levels were between 20 and 192
mg/m3.  Wet drilling was introduced in the late 1950’s and became widespread in
1964 when dust levels fell to about 6.2 mg/m3 (Xiang-Zhen and others 1993).
Given these levels of dust, it is probable that equilibrium levels remained rather
high throughout and that the unattached fraction was small.

For the epidemiological studies, workers were assumed to be exposed to
radon progeny seven hours per day.  For exposures occurring after 1972, esti-
mates of exposures were adjusted by the worker’s job title to take account of
those exposed intermittently (Lubin and others 1990b).  Exposure to arsenic in
airborne dust was also accounted for in these studies and shows a large decrease
over time from 0.4 mg/m3 in the mid 1950’s to .01 mg/m3 in 1985.  The radon
exposure estimates for the Yunnan tin miners are not very well documented but,
given the apparently uniform level of exposure throughout the period of miner
employment, about a factor of 2, the estimates may be less subject to errors in
estimation then for those uranium mines where exposure levels varied over time
by factors of ten or more due to changes in ventilation practices.  Arsenic
exposure, on the other hand, did decrease appreciably as wet drilling became
standard practice.
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Newfoundland Fluorspar Miners

Underground mining for fluorspar started in 1936 in Newfoundland, Canada,
and continued for more than three decades before monitoring for radon and radon
progeny was initiated in 1960 (see Time Line E-10).  Radon levels were found to
be highly variable, range 0-190 WL (Morrison and others 1988).  Ventilation was
immediately introduced and in 1960 levels declined to an average of 0.5 WL
(1960-1967) and then to an average of 0.17 WL (1969-1978) (Morrison and
others 1988).  Therefore, an average worker for the entire period of radon control
would have accumulated about 30 WL as opposed to an estimated average expo-
sure for all cohort members of 382.8 WL.

Exposure estimates for epidemiological purposes have been developed by
Dory and Cockill (1984) and are described in SENES 1989.  Exposure estimates
for the period before 1961 were based on maps of the various mines, reports by
mine inspectors, and workers’ recollections.  Apparently experience gained when
the mines were monitored was also taken into account as well as the entry of
water, the source of the radon, into the mines.  Eventually a computational model
was developed to simulate the annual radon progeny concentration in each mine
so as to yield “average workplace concentration for high, medium, and low
areas” (SENES 1989).  For epidemiological purposes, workers have on the basis
of their jobs been assigned to approximate areas of radon concentration, high,
medium, etc. for a particular year and cumulative exposures estimated on this
basis.

For exposures occurring after 1960, worker job records and monitoring data
have been used to assign individual exposure estimates.  As noted above, this
period of employment is likely to be relatively unimportant for risk estimation
because of the relatively small exposures.  It is impossible to estimate the accu-
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racy of the exposure estimates for before 1960.  Radon concentrations in mine
water varied form 300 to 1300 pCiL–1 in 1960 (Report of the Royal Commision
1969).  Under such conditions, actual exposures must have been highly variable
and in spite of the thorough assessment performed by Corkhill and Dory, the
estimated cumulative exposures are guesstimates c.f. Colorado Plateau miners.

Swedish Iron Miners

The BEIR IV report provides an extensive description of exposure estimates
for this cohort (NRC 1988).  Additional description can be found in a report
submitted to the BEIR IV committe, “Comments to the U.S. Mine Safety and
Health Administration for the American Mining Congress”, prepared by L.W.
Swent and D.B. Chambers.  This report describes a visit to the mine by Swent and
Chambers and their discussion with mine personnel.  Much of the material is
described in the 1989 report by SENES Consultants Limited (1989).

Exposure estimates for the Swedish iron miners are primarily retrospective.
The cohort includes those who started work earlier but for the cohort as a whole
the average year of first exposure was 1934 (see Time Line E-11).  The first
extensive measurements of radon in these mines were not made until 1968;
radon-progeny measurements were initiated somewhat later.  Most of the mine
radon came from water seepage and there is limited evidence that this source was
relatively constant in strength from 1915 to 1972.  Comparison of radon measure-
ments in water taken in 1915 with data from 1972 and 1975 indicated constant
groundwater concentration of radon.  Exposures have been estimated using the
assumption that levels of radon progeny were constant until forced ventilation
was introduced in 1972 (Radford and St. Clair Renard 1984).  This assumption
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was supported by consideration of the pattern of natural convection and by data
on quartz dust concentrations that extended to the 1930s.  On the basis of their
visit, Swent and Chambers have questioned the assumption of stable ventilation
and suggest that the estimates of exposure were low by a factor of two or more
due to air recirculation and changing ventilation conditions as the mines became
deeper (SENES 1989).  Because there are no measurement data for years before
1968, it is a matter of speculation as to how much exposures varied with time.  It
is likely, however, that the estimated error of the exposure estimated initially
made by Radford and St.Clair Renard (1984), about 30%, was unduly optimistic.
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INTRODUCTION

The epidemiologic studies of underground miners have been the principal
basis for estimating the risk of indoor radon (NCRP 1984; NRC 1988; USEPA
1992c).

To estimate exposure to radon progeny, information is needed on the con-
centrations to which the miners have been exposed as well as the time spent at
these concentrations.  There are now 12 studies that include estimates of exposure
to radon progeny (Lubin and others 1995b; Darby and others 1995).  The expo-
sures received by the miners in these studies began as long ago as the end of the
nineteenth century in the case of the Malmberget iron miners (Radford and St.
Clair Renard 1984) and are continuing for some of the more contemporary groups,
such as the Chinese tin miners (Qiao and others 1989) and the French uranium
miners (Tirmarche and others 1993).  The information available for estimating
exposures varied among the cohorts and even within the cohorts by time period.
The measurements tended to be more sparse during the initial years of mining
operations, the same years during which exposures were generally highest.  In
some of the studies (Chinese tin miners, Czechoslovakian uranium miners, Colo-
rado Plateau uranium miners, Ontario uranium miners, and Radium Hill uranium
miners, and French uranium miners) concentrations of radon progeny were not
measured in the early years of operations and it was necessary to estimate WL
based on radon measurements, assuming a value for the equilibrium of radon
with its progeny (Lubin and others 1994a).  Information was also used on mining
practices and measurements were made in the Chinese tin mines based on

E-ANNEX 2

Workshop on Uncertainty in Estimating
Exposures to Radon Progeny in
Studies of Underground Miners
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re-created mine conditions of earlier years.  Personnel records were generally
used to document time underground, although the detail of the information avail-
able also varied among studies.  Gaps in the information available for estimating
exposures of the underground miners in these epidemiologic studies are an ac-
knowledged source of exposure misclassification with attendant implications for
uncertainty in the risk estimates derived from these studies.

The consequences for risk estimation of the errors in exposure estimates
have been of concern to the BEIR VI committee.  The committee recognizes that
exposure misclassification is inevitable in the epidemiologic studies of miners.
However, techniques are becoming available to account for these errors in esti-
mating exposure-response relationships (Thomas and others 1994).  Statistical
approaches to measurement error, with the specific application to the under-
ground miner studies, was a topic of a one-half day workshop held in 1994 by the
BEIR VI committee.

To further address the issue of measurement error and its consequences of
risk estimation, the BEIR VI committee convened a second workshop on January
23 and 24, 1995.  The workshop was designed to bring together geologists and
mining and ventilation engineers who had worked on exposure issues in the
underground mines with statisticians and epidemiologists who are now contend-
ing with the measurement-error problem.  The workshop’s goal was to obtain
additional documentation on approaches followed to assess exposures and to
obtain historical insights that might lead to better quantification of the errors in
the exposure estimates.  The committee also invited statisticians engaged in
investigation of approaches for correcting for the effect of measurement error on
risk estimates.

The workshop participants selected were appropriate for these objectives.
William Chenoweth, now a consulting geologist in Grand Junction, Colorado,
worked for many years for the Atomic Energy Commission.  He has written exten-
sively on the history of the various uranium mining districts in the United States.
James Cleveland, an engineer, worked for Kerr-McGee Corporation in New Mexico
for many years, directing ventilation and safety for the Ambrosia Lake operations
of Kerr McGee, by far the largest uranium producer in the Grants Mineral Belt.
Andreas George, from the Environmental Measurement Laboratory of the U.S.
Department of Energy, made measurements of the attached and unattached frac-
tions of radon progeny during the late 1960s and early 1970s; these data represent
the only published, historical information on the distribution of progeny between
attached and unattached fractions.  Douglas Chambers from SENES Consultants
Limited in Ottawa, Canada, has had long-standing interest in the assessment of
exposures to radon progeny and the consequences of error for risk estimation.  Neal
Nelson from the U.S. Environmental Protection Agency, also a participant, has
followed the exposure assessment issue closely for many years.

The practical experience of these participants was complemented by the
statistical expertise of Dan Stram and Duncan Thomas, both from the University
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of Southern California. Stram and Thomas have been applying new statistical
methods for errors-in-variables to data from the Colorado Plateau miners.  Their
models make adjustments to risk estimates for measurement error.  The work-
shop was also attended by BEIR VI committee members and Jonathan Samet, the
committee’s chair, presented descriptive analyses of exposure data for the New
Mexico cohort of uranium miners.

The workshop provided valuable and not-well-documented information con-
cerning the U.S. and Canadian uranium mining industries.  Consequently, the
committee decided to publish portions of the workshop proceedings as an appen-
dix to its report.  We include the historical material presented and not the discus-
sion of ongoing work on measurement error by Stram and Thomas.

Workshop Introduction

The workshop began with a welcome and introductions by Jonathan Samet
and Evan Douple, the study director.  Ethel Gilbert, the workshop chair, reviewed
the goals of the workshop and called attention to questions to be considered
throughout the workshop.  Roger McClellan reminded participants to focus on
“uncertainties,” not just on “errors.”  Philip Hopke asked that participants try to
recall details regarding the underground mining procedures, especially environ-
mental conditions and the methods used for measuring radon and radon progeny.
He asked participants to review those details that have not been previously pub-
lished or documented.  These committee members provided a reminder that the
committee needs to characterize the uncertainties that affect different levels of
exposure received by the miners.

William Chenoweth (Grand Junction, Colorado)

Chenoweth joined the Atomic Energy Commission (AEC) in 1953 as a ge-
ologist.  His work initially involved the vanadium mines of the Colorado Plateau.
Vanadium mining was initiated in the mid-1930s; he noted that the mines were
not ventilated.  He then reviewed the uranium mining operations across the years
1947-1981; approximately two-thirds of the mines were in the Colorado Plateau
region.  The peaks of uranium mining production were in the 1960’s and the
1980’s on the Colorado Plateau (Moab, Monticello, and Uravan areas and the
Grants Mineral Belt).  The peak number of mines in operation was around 750, a
total reached in the mid-1950s.  The AEC stopped buying ore in 1962.  However,
it continued to purchase concentrates (yellowcake) from the mills through 1970.

Most uranium ore was mined from sandstone.  Mining involves drilling,
blasting, and mucking, the extraction of the ore.  The needs for mining include
compressed air and water; powder, blasting caps, and fuses; and a shovel or
machine to load the ore.  Typically blasting was done at night and the miners
would return the next morning without ventilation operative in the mine.  In the
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early mines, ventilation was used primarily to reduce blasting fumes.  Chenoweth
explained that the typical cut was made with a burn of multiple fuses.  The miners
used wheelbarrows in remote areas and the larger mines used compressed-air
locomotives.  There was no ventilation when the 1952 measurements were made.
There were incentives for miners to be productive since the AEC needed the
uranium.

Chenoweth showed the structure of a larger Grants mine with a central
ventilation shaft.  He also showed a map of the Uravan area near the Colorado-
Utah border.  Brenner asked whether some of the vanadium miners beginning in
1936 were also uranium miners later.  The answer was “yes.”  The same mines
were mined back in the 1920’s for radium; there was a radium industry from 1910
through 1923.  Douglas Chambers stressed that many of the miners worked their
own mines on weekends and others were vanadium miners before they worked in
uranium mines.  Krewski asked whether there were houses in the area.  The
answer was  “no,” as the mines tended to be in very remote locations with just a
few ranches nearby.

The mines were generally 400 to 800 feet below the surface, although some
were as much as 2000 feet deep.  Chenoweth provided definitions of various
mining terms: a “stope,” the site of mining, is an area at the end of a “drift,” or
passage; a “raise” is a passage up between drifts whereas a “winze” is a passage
down between drifts.  A map of one early mine showed that there was no ventila-
tion as the rooms were interconnected and the open rooms had randomly placed
pillars.  The Deremo mine was the largest that Union Carbide mined in the
Uravan area.  Pictures taken by the U.S. Bureau of Mines in 1953-1955 do not
show ventilation; one photo showed a fan that was not in use.  Chenoweth
surmised that it may have been used for venting blasting powder.  Between 1948
and 1956, smaller mines probably had less ventilation.  Ventilation rates are
affected by temperature and recirculation of radon progeny could have been a
problem.

There were various types of operations [U.S. Vanadium (USV) contractors,
large mining companies like Walter Duncan, Climax Uranium, Kerr-McGee,
Union Carbide, small mining companies, Vanadium Corporation of American
(VCA) mines, VCA leasors, small independent operators, and one- or two-man
operations].  Some of these mines probably had adequate ventilation, that is,
about 500 cubic ft per minute, enough to keep oxygen concentration at about
20%.  Early miners did not live in the mines but typically lived in boarding
houses; they worked 12-hour shifts and worked 30 days and then spent four or
five days in town.

Chenoweth presented a summary of the key events in the history of uranium
mine ventilation.  Diesel-powered trucks and loaders were introduced in the
1960s.  Respirators were issued, but they were not necessarily worn. A Bureau of
Mines report (IC07908) states that the Climax Uranium Co. Was the first to use
rubber-tired diesel equipment in their mines in the Uranan area in the early 1950s.
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Union Carbide adopted extensive air sampling in 1957; it began using diesel in
1958.  A shut-down level of 10 WL was adopted in 1958.  The U.S. Department
of Labor proposed a 3.6 WLM exposure limit in 1969.

Samet asked whether there is any information on arsenic in these mines.
Chenoweth explained that a few years ago the Bureau of Land Management
asked for a sampling for trace metals in mine dumps.  Arsenic was a constituent
of some uranium ores.  With respect to the question of how many total miners
were employed, Chenoweth pointed out that 780 Native American miners were
included in the Public Health Service’s epidemiologic study, but the Navajo
Tribe has registered approximately 2,500 former miners through its Office of
Navajo Uranium Workers.  There were about 75 miners in 1948 and 5,000 in
1960.  Frank Lundin had advised Neal Nelson that 15,000 miners were identified
in the Public Health Service surveys, beyond those included in the epidemiologic
study (U.S. Bureau of Mines).  The current number of miners worldwide is
uncertain but underground uranium mining is no longer carried out in the U.S.
Some of the current sites of active uranium mining include Canada, China, and
Russia.  Uranium production is down substantially since the early 1980s and
there is now an oversupply of uranium.  Countries producing uranium in 1995
were:
• Canada 32% (of world total) • Namibia 6%
• Australia 11% • South Africa 4%
• Niger 9% • France 3%
• USA 7% • China 2%
• Russia 6% • Gabon 2%
• Uzbekistan 6% • Other 6%
• Kazakstan 6%
(From the International Atomic Energy Agency)

James Cleveland (Edmond, Oklahoma)

From 1960 until 1985, Cleveland was with Kerr-McGee.  He provided a
historical perspective on uranium mining in New Mexico.  Uranium mining in
New Mexico began with small mines on the Navajo reservation, which operated
from the 1948 to 1968.  Most Kerr-McGee mines on the reservation were small,
operated by less than 20 people and usually by only two or three.  The Shiprock
uranium mill operated by Kerr-McGee was closed in 1963.  The Grants mineral
belt, the principal site of uranium mining in the state, stretches 200 miles from the
Arizona border to the city of Albuquerque; it is about 25 to 50 miles wide.  The
Ambrosia Lake and the Jackpill-Paguate districts were the first large-scale pro-
duction mining areas in New Mexico.  In 1980, Grants-area mines employed
4,500 to 5,000 people.

Cleveland described a four-day meeting in 1961 between Archer and Wag-
oner, from the Public Health Service, and the industry.  A warning concerning the
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health effects of radon and radon progeny was presented.  Three aspects of
exposure control were addressed: 1) instrumentation for making measurements,
then lacking and very temperamental; 2) ventilation; and 3) record-keeping.

1) Instrumentation for measurements initially involved off-site equipment.
Evacuated flasks were opened underground and then shipped to the Massachu-
setts Institute of Technology or elsewhere for measurement of radon.  The
Kusnetz method was then developed for measuring radon progeny.  The Work-
ing Level (WL) unit of concentration and the Working Level Month (WLM) unit
of exposure were established by the U.S. Public Health Service.  A joint survey
with state health department officials and mine inspectors found high levels of
radon.  The findings were discussed with the industry in 1961.  The Junod
instrument was used universally until 1967 to measure WLs, but this instrument
was very sensitive to environmental conditions.  Gas- and battery-powered air
samplers were used.  The samples were frequently four-hours old before the
measurements were made.  A probe was then developed for alpha counting and
used underground.  One could then measure for 40 to 90 minutes using the
Kuznetz method.  Next, Eberline Instruments developed an instant WL meter
which could provide readings after a 2.5 minute count.  Several groups devel-
oped other instruments for measuring radon.  Area monitors were then designed
that would give warnings.  Cleveland estimated accuracy of the early instru-
ments as plus/minus about 50%.

A discussion followed about the accuracy of the measurements.  Andreas
George indicated that the uncertainties associated with the measurements were in
the range of 50%.  Duncan Thomas asked what was reported—the highs, the lows
or an average?  Douglas Chambers indicated that if there is a bias it is probably
small, but with a substantial uncertainty.  Lubin asked a series of questions about
the measurements: Where were the readings taken?  The answer was “in the
worker’s area in a stope.”  Within a room the concentration tended to not vary
substantially if the air was not very mobile.  How much difference was there
between measurements?  The answer was the variation depended on where the
miners were working, and was possibly up to 4 WLM.  In the Public Health
Service study, Archer assembled all of the measurements and then averaged them
for a particular mine.  That average was then multiplied by the number of months
worked in the mine to obtain WLM.

2) Ventilation was increased in 1962 in most of the mines and the mining
companies started to develop and maintain records.  New Mexico adopted a 10
WL cease and desist level.  Up to that time, ventilation had been natural or used
gas-powered fans.  The large mines in Ambrosia Lake had 30-inch diameter fans.
The major purpose of the fans was to remove powder smoke which contained
nitrogen oxides.  Simple ventilation was used before 1961.  Specifications called
for 500 cubic feet per man per minute and, if diesel was used, greater ventilation
was called for.  State officials had the authority to shut-down mines if ventilation
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was not adequate.  Eventually, large-diameter vent holes, up to 72-inch diameter,
were installed to increase ventilation.  The mines needed parallel ventilation to
deliver fresh air to all parts of the mines.  Secondary protection measures, such as
filters, respiratory protection (a simple two-canister and air supply unit, or a self-
supply unit, depending on levels), and electrostatic precipitators, were proscribed
and the latter were used in isolated instances for short periods of time.

3) Records of measurements taken once or twice a quarter were initiated by
the companies in 1962.  The records used the worker’s time in travel, time in the
stope, and in other locations, and assigned WLM values to each worker.  In 1972,
the work week was assumed to include 40 hours.  When levels were particularly
high, measurements were sometimes taken more than once per week.  Total WL-
hours for the day were then expanded to the work in a week and the exposure was
developed for the month.  From 1967 on, records became quite complete.  Before
1962, however, records were generally of poor quality.  Exposures were grossly
underestimated in the early days of the industry, when the work week was longer
than 40 hours.  Ambrosia Lake mines worked a 48-hour week until 1966.

Hopke asked whether there was smoking underground.  Smoking was banned
in Ambrosia Lake in about 1975.  Standards for exposure to radon progeny were
not in place until 1972 when MESA adopted a 4 WLM standard.

Andreas George (New York, New York)

George addressed sources of variation in the measurements made in mines.
Sometimes measurements were not made in proximity to the miners.  George
provided tables showing some typical measurement values and the range of con-
centrations measured over three days in various locations in the mines (Note: the
mines were not named).  In the table (Table E Annex 2-1), the arrow indicates
either downcast or upcast ventilation by its direction.  The WL values relate to
specific locations in the mines but not to individual miners.  The measurements
were made as often as every 30 minutes.  The variation in WL values within a
stope was generally not large.  Ziemer asked whether there were WL values for
samples taken at similar locations but at different times of the year.  The answer
was “no.”

Methods were developed for measuring the unattached fraction and applied
in the mining environment.  George recalled that measurements were made in
four different mines for one week.  Polonium-218 was measured to determine the
uncombined fraction, which was almost related to the unattached fraction (less
than 0.2 %).  The uncombined fraction tends to be inversely related to particle
concentrations.  In the Beaverlodge uranium mines, diesel was used infrequently
and the vehicles were primarily powered by electricity.  Blasting dust remained in
the mine for long time intervals.  Ventilation ducts were occasionally damaged
during blasting.
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TABLE E ANNEX 2-1

Date Mine Location Activity T(ºF)

9/26-28/67 A 1-stope none (dry) 57
9/26-28/67 A 2-stope track laying 50
9/26-28/67 A 3-drift blasting - ore hauling 50

9/29-10/2/67 B 1-drift none (wet) 52
9/29-10/2/67 B 2-stope slushing/mucking 53
9/29-10/2/67 B 3-stope drilling/slushing 53

10/3-4/67 C 1-stope mucking/slushing (wet) 52
10/3-4/67 C 2-stope blasting/slushing 52
10/3-4/67 C 3-drift none 51

11/2/67 D 1-drift mucking ore (dry) 57
11/2-4/67 D 2-drift drilling/charging 55
11/3-4/67 D 3-drift hauling ore 55
11/2-4/67 D 4-stope drilling/mucking 58

11/6-8/67 E 1-drift drilling/slushing (dry) 50
11/6-8/67 E 2-drift hauling ore 50
11/6-8/67 E 3-drift drilling/charging/slushing 50

11/10-15/67 F 1-stope drilling/mucking (wet) 55
11 F 2-stope drilling/mucking (wet) 60
11/10, 11/13/67 F 3-stope drilling/mucking (wet) 59
11 F 4-stope drilling/mucking (wet) 59
11/14, 11/15/67 F 5-drift slushing/mucking (wet) 49
11/10, 11/13/67 F 6-stope drilling/mucking (wet) 53
11/15/67 F 7-drift drilling/hauling (wet) 60

1/24-26/68 G 1-drift drilling/mucking/hauling 63
1/24-26/68 G 2-drift drilling/mucking/hauling 53
1/24, 1/25/68 G 3-heading mucking (dry) 67
1/26/68 G 4-heading drilling/charging 69

2/1-2/68 H 1-drift drilling/slushing 34
1/30-31/68 H 2-drift slushing/mucking 39
1/30, 2/1/68 H 3-drift drilling/slushing/hauling 45
2/1-2/68 H 4-drift drilling/slushing 44
2/2/68 H 5-drift none 40
1/30, 3/1/68 H 6-stope drilling/slushing/mucking 42

2/6, 7/68 I 1-drift near shaft/ore hauling 55
2/5/68 I 2-drift blasting/slushing 55
2/5-7/68 I 3-heading drilling/slushing 62
2/5-7/68 I 4-cross-cut 60
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Ventilation Radon
RH(%) (Ft3/min) (pCiL–1) WL Mines

79 5,500 ↑ ND 0.67-2.8 Beaver
93 2,200-4,400 ND 1.4-4.5 Mesa,
93 4,500-5,900 ND 1.9-4.5 Colorado

94 22,000-34,000 ↓ ND 0.95-1.4 Beaver
95 200 ND 2.1-2.4 Mesa,
97 1,000 ND 2.1-2.3 Colorado

96 2,000 ↑ ND 5.0-5.5 Uravan,
96 3,500 ND 3.8-4.1 Colorado
97 13,000 ND (3.8)

47 27,000 ↓ (410) (0.69) Uravan,
78 900 190-380 0.66-1.13 Colorado
73 3,000 (260) (1.1)
71 1,000 410-1000 0.41-0.78

81 500 ↓ 460-1000 1.27-3.10
63 3,000 ND 1.15-2.0
82 3,000 (on/off) 180-270 0.36-0.67

57 1,500-3,000 ↓ (430) 0.35-2.13 Uranum,
84 none (490) (1.28) Colorado
95 none (360) (2.36)
92 none (340) (1.74)
66 fresh air 5,000-9,000 88-110 0.22-0.27
92 7,000-9,000 180-220 0.42-0.46
94 ND (540) (1.28)

81 14,000 ↑ 380-420 0.8-1.0 Ambrosia Lake, NM
80 8,000 1350-1790 3.1-5.10
90 (convection) 1900-2300 (1.70)
92 ND (680)

57 26,000-29,000 ↑ 330-370 0.26-0.43 Ambrosia Lake, NM
66 4,000 830-1010 1.04-1.08
71 3,000-6,000 780-1150 1.4-2.1
60 6,000 770-920 1.28-1.60
62 15,000 (exhaust) (870) (2.13)
67 3,000 670-960 1.10-1.37

84 (fresh air) 66,000-72,000 ↓ 84-190 1.19-0.23 Ambrosia Lake, NM
84 3,000 (160) (0.26)
94 3,000-5,000 640-900 2.2-2.7
95 1,000-2,000 1020-1440 3.0-3.8
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Measurements were made using diffusion batteries developed in his
(George’s) laboratory.  A bimodal distribution of alpha activity was found in
some mines, similar to more recent information from homes.  The 5-6 nm size
was critical because this size is relevant for the bronchial deposition.  Classical,
bimodal, or unimodal (diesel mines) distributions were obtained for activity-
weighted sizes.  Five nm is the critical size for the tracheal deposition.  NCRP
1978 gives a number of about 1.7, which should be compared to 4 in the publica-
tion “Summary of dose conversion factors from reanalysis of New Mexico ura-
nium mine particle-size data.”  Most of the progeny are attached to the larger
particles while the smaller particles are deposited in the lung.  It is realistic to
assume two-fold variation in measurements from mine to mine.

Douglas Chambers (Ottawa, Canada)

Chambers discussed the characteristics of several mines, beginning with the
Newfoundland fluorspar mines.  The Black Duck Mine opened in 1933 and there
was not forced ventilation until the 1950s.  For the Newfoundland fluorspar
mines, uncertainties are quite high for data before 1967, perhaps as high as 300-
fold.  The miners smoked heavily and it was a very dusty environment.  Cham-
bers was not aware of other contaminants in the mines, such as arsenic.  The
reconstruction of exposures for these mines has been difficult and the approaches
used have been as much as can reasonably be done.

The original client for uranium from the Ontario mines was the U.S. AEC.
Two uranium mines were operational in Ontario in 1955; in 1958 there were 15
mines.  Between 1955 and 1981,  131,000 radon-daughter measurements were
made over 141 mine-years of operation, averaging 929 measurements per mine-
year.  Two sets of exposures were calculated, “standard” and “special” (see 1988
NRC BEIR IV Report for a description of these two sets of exposures).  Exposure
to aluminum powder was used in an attempt to prevent silicosis.  The Canadian
report on health and safety in mines is a potential source of information (Cana-
dian Task Force on the Periodic Health Examination 1990).

A comparison was made between past and present exposure conditions.  Pre-
1958 conditions included radon progeny at 0.3 to 1.4 WL and mineral dust at
approximately 1 to 9 mg/m3 and for 1990 conditions at 0.05 to 0.3 WL and 0.05
to 1 mg/m3, respectively.  The lung-cancer experience of Ontario uranium miners
with and without gold-mining history was provided.  The observed to expected
ratio was greater for those with gold-mining experience.

Chambers also provided information concerning the Port Radium uranium
mine.  In the Port Radium mine, the ventilation was frequently turned off in the
winter months.  Arsenic may have been 6-7% of the pitchblende ore.  Exposures
to radon progeny were estimated based on retrospective reconstruction.  The ore
grade was high and yielded high WLs (50-100 WL).  The original estimates were
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done by Frost with Eldorado Nuclear.  Chambers indicated that he has all of the
records for the Port Radium mine.

Chambers also discussed the Beaverlodge mines.  There has recently been a
reassessment of exposures for some of the miners in the epidemiologic cohort of
Beaverlodge mines.  He noted that at Beaverlodge, while the person running the
drill would be expected to get the highest dose, this was not necessarily the case.
In 1990, the Atomic Energy Control Board asked if exposures  could be recon-
structed from the records.  The Schwartzwalter Mine in Colorado is similar to the
Beaverlodge Mines.

Chambers then discussed the estimation of WLM for Beaverlodge miners.
Exposure was estimated by year and type of workplace.  Men tended to migrate
from one mine to another in the Beaverlodge area and this was not accounted for
in the exposure reconstructions.  There were six or seven mine areas and nine
work-type categories.  The reconstructed exposures were compared to the origi-
nal estimates used in the epidemiologic report of Howe and colleagues.  The
correlation was strong, although the original exposure estimates tended to be less
than the revised exposure estimates.  Means rather than medians of individual
measurements were used in the new estimates.  A summary of observations in the
cohort was provided.  Many of the miners lived in homes built on uranium-
containing foundations. A positive correlation was found between WLMs and
konimeter data for particle counts.  The category of a miner at first work was a
factor (miners needed previous work experience).

Finally, Chambers provided some remarks concerning the Colorado Plateau
study.  In the Colorado mines, exposures were deliberately overestimated (see
Lundin and others 1971). For other hardrock mining, exposures at concentrations
of 1.0, 0.5, or 0.3 WL were assigned.  A crude trace of work histories of 29 people
was presented from Archer, 1966.  The uncertainties were related to the location
of the miners and their work histories.  Studies in the past have not sufficiently
considered the uncertainties in the exposures.  The exposures after 1969 were
probably not that significant, particularly in comparison to earlier years.

Jonathan Samet (Baltimore, Maryland)

Samet began by recommending a book, Uranium Frenzy by Raye C.
Ringholz (University of New Mexico Press), for a review of the early history of
the uranium-mining industry.  He reviewed the measurements made in the New
Mexico mines.  Measurements were first made in the 1950s and by 1961-1967,
WL measurements were being made routinely by the State Mine Inspector, the
State Health Department, and the industry.  He showed examples of data sheets
for the years through 1967.  Person-weighted totals of the individual measure-
ments were made.  These were referred to as Total Mine Indexes; the data sheets
also included measurements by the type of area.  Samet showed the scatter in the
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data and the substantial variation in the measurements made within individual
visits.  Jim Cleveland mentioned that inspections by the State Agencies were
unannounced.  Attention was not paid to ventilation if the inspection results were
satisfactory.  Exposures in the Colorado Plateau were grossly underestimated by
small companies.

Discussion Of Exposure Estimates

Samet reminded the participants that time-dependent errors affect the expo-
sure estimates with implications for the committee’s modeling.  Hopke com-
mented that there is ample qualitative information on errors, but it is not clear
what should be done quantitatively. Brenner indicated that the uncertainty ap-
pears to be more of a problem in the small mines.  Can mine size be incorporated
on the basis of the total number of miners? Gilbert mentioned that the committee
may want to develop a questionnaire.  Can we remove certain cohorts for which
the uncertainty was largest?  Can we rank cohorts? Can we obtain additional
data? Chambers mentioned that the presence of other factors in the dust should be
considered.  Lubin mentioned that data on arsenic are available for the China and
Ontario cohorts.  The Swedish study has some information on silica and the
Czech data have some additional information as well. Chambers mentioned that
he had inquired about this issue (other contaminants) in the mines that he visited.
Do higher levels of exposure to radon progeny entail higher exposures to other
agents? Has there been consideration of parallel analyses of entire cohorts versus
the group with exposure to uranium alone.  Ziemer asked “How consistent are the
ore forms”?  There appears to be a difference from location to location.  Bill
Chenoweth has a report (PP-320) describing measurements made by the U.S.
Geological Survey of trace metals in different mines.  There are data available
from Union Carbide in Grand Junction from retired ventilation engineers and
state records (by engineers such as Vern Bishop, Bob Beverly, and Ben Kilgore).
Umetro Minerals Corp. is now doing restoration.  Lubin asked—How common
was it that workers worked at their own mines on weekends and holidays? Hopke
asked—What do we mean by “other hardrock”? Gold and silver mines were
common, as opposed to vanadium (or copper mines).  The Port Radium mine was
reopened as a silver mine (Chambers).  The participants were reminded that
AMSA keeps records on other metals in mines (Nelson).

What fraction of mines used diesel?  Jim Cleveland answered that Kerr-
McGee was almost all electric until the last few years; United Nuclear was mostly
diesel.  The Ambrosia Lake mines were mostly diesel.  Was the use of diesel
always accompanied by better ventilation? Yes.  Good ventilation was needed for
the diesel.  Diesel was used in the ’60’s.  Typically the miners blasted at noon and
at 8:00 pm.  They could not leave the lunchroom until 30 minutes after blasting.
There was no diesel used until 1958 on the Colorado Plateau.  By 1971, diesel use
was as much as 90% and reached 100% by 1980.  What were other sources of
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particles in the air of the mines? Drilling and diesel were the major causes.  The
drilling did not fracture sandstone sand grains and  the rock was very wet (20%
moisture) at Ambrosia Lake.  Slushing created some dust.  Colorado mines were
mostly dry mines with substantial dust.  Mucking, pushing ore out the haulway,
dropping it down chutes, and like activities, all created dust.  In the late 1970s and
early 1980s, gravel was hauled in for building good roadways.  Was the mineral-
ogy about the same throughout the Colorado mines? No, the mines differed in
vanadium and other metals.
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Appendix F

Exposures Other Than Radon
in Underground Mines

OVERVIEW

Underground miners are exposed to a number of agents, in addition to radon
progeny which may adversely affect the lung.  Several of these agents are known
or suspect carcinogens (arsenic, diesel exhaust, and silica), and some may cause
airways inflammation (blasting fumes and diesel exhaust).  Silica exposure causes
silicosis and several investigations have assessed modification of the effect of
radon progeny by the presence of this fibrotic disorder.

These exposures of miners, in addition to radon progeny, are a source of
uncertainty in extending risk estimates based on the epidemiologic studies of
miners to the general population.  Inflammatory changes in the epithelium might
non-specifically affect the risk of lung cancer from radon progeny and the addi-
tional exposure to other carcinogens might alter the risk of radon progeny as well.
These other exposures were considered in the BEIR IV report (NRC 1988) and
subsequently in the radon dose panel report (NRC 1991).

In this appendix, we update the earlier reviews for exposure to arsenic, silica,
and diesel exhaust.  Information on exposures of the miners to the agents is
limited and only a few studies provide human information on arsenic and silica.
None of the studies have direct information on exposure to diesel exhaust.  The
limited data available on these exposures are summarized by cohort in appendix
D.  Use of diesel engines in U.S. mines is described in the workshop summary
that is part of appendix E annex 2.  The more general topic of interactions
between agents is addressed in appendix C in considering the combined effect of
cigarette smoking and radon.
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Arsenic

Although evidence in experimental animal studies of the carcinogenicity of
arsenic is limited, there is substantial evidence that inorganic arsenic is a carcino-
gen in humans (Blot and Fraumeni 1994; IARC 1987).  Neubauer (1947) reports
that arsenic was suspect as being carcinogenic as early as 1879 as a result of high
lung-cancer rates in German miners (Bates and others 1992; Furst 1983).  The
ingestion of arsenic in drinking water and in pharmaceuticals has been associated
with a number of disease outcomes, such as liver angiosarcoma and meningioma,
and cancers of the skin, bladder, kidney, and colon, as well as black-foot disease
(IARC 1987).  Studies have also clearly shown that inhaled arsenic (arsenic
trioxide) is a human lung carcinogen (IARC 1987).  The principal concern for
this committee is the role of exposure to airborne arsenic in mine dusts as a
primary risk factor for lung cancer, and how its presence might affect the evalu-
ation of the relationship between radon-progeny exposure and lung cancer.

Occupational studies have been the main source of data on the effects of
exposure to arsenic and risk of lung cancer.  These studies have included workers
manufacturing and using arsenical-containing pesticides (Hill and Faning 1948;
Roth 1957; Ott and others 1974; Mabuchi and others 1985), smelter workers and
underground miners (for summaries, see Blot and Fraumeni 1994 and IARC
1987).  Although the majority of occupational studies of arsenic exposure have
been conducted in smelter workers, an increased risk of lung cancer with arsenic
exposure has been observed in several studies of miner populations (Taylor and
others 1989; Kusiak and others 1993; Xuan and others 1993; Enterline and others
1987; Simonato and others 1994).  However, among the studies of miners, only
the investigations of Chinese tin miners (Xuan and others 1993) and Ontario
uranium miners (Kusiak and others 1993) have included a quantitative evaluation
of arsenic and of the joint association of arsenic and radon-progeny exposure.

Although studies have consistently shown an increasing risk of lung cancer
with greater cumulative exposure to arsenic, there have been few detailed analy-
ses of the shape of the dose-response curve for arsenic exposure.  The analysis by
Enterline and others (1995) and a meta-analysis of published studies (Hertz-
Picciotto and Smith 1993) suggested a curvilinear relationship with a decrease in
the excess relative risk per unit exposure as exposure increases, that is, the expo-
sure-response curve was concave from below.  Analyses of the Ontario miners
(Kusiak and others 1993) and Chinese miners (Lubin, communication to the
committee) showed a similar concave relationship, even after adjustment for
radon-progeny exposure.

The distribution of histological types of lung cancer in arsenic-exposed popu-
lations has not been extensively studied.  There have been several small investi-
gations, with little consistency in their finding.  Based on 25 cases, Newman and
others (1976) reported a higher proportion of poorly differentiated epidemiod
carcinoma, while Wichs and others (1981) studied 42 smelter workers and 42
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matched controls and found an excess of adenocarcinomas.  In contrast, in a
larger study of 93 lung-cancer cases highly exposed to arsenic and 136 referent
lung-cancer cases, Pershagen and others (1987) found no variation in the histo-
logical distribution of lung-cancer cases when data were classified by a measure
of arsenic exposure.  The distributions of histological type in underground miners
have been reported, but are potentially confounded by smoking and radon-progeny
exposure.

Mathematical models, based on the Armitage-Doll multistage theory for
carcinogenesis (Armitage and Doll 1961), were applied to data on lung cancer
from two studies of copper-smelter workers in Tacoma (Mazumdar and others
1989) and in Montana (Brown and Chu 1983).  Both analyses drew similar
conclusions, namely, arsenic exposure acts primarily as a late-stage carcinogen,
but that the possibility of an early-stage effect cannot be ruled out.  However, one
limitation of both analyses was the inability to directly incorporate cigarette-
smoking into the modeling, a factor which is thought to act as both an early- and
late-stage carcinogen.

In the miner pooled analysis by Lubin and others (1994a), adjustment for
arsenic exposure reduced the ERR/WLM in the Chinese miners from 0.61% to
0.16%.  Interpretation of the reductions is hampered by the high correlation
coefficient, 0.48, between cumulative radon-progeny exposure and arsenic expo-
sure among jointly exposed miners.  This suggests that the best estimate of the
ERR/WLM for the radon progeny exposure-lung cancer relationship lies between
0.0061 and 0.0016.  In the Ontario data, adjustment for arsenic exposure reduced
the ERR/WLM from 0.0093 to 0.0084.  The correlation coefficient between
radon-progeny exposure and arsenic exposure was 0.02.  After adjustment for
arsenic exposure as a primary risk factor, the ERR/WLM did not vary signifi-
cantly with level of arsenic exposure in either study (Lubin and others 1994a).
This pattern is consistent with a multiplicative association between radon-progeny
exposure and arsenic exposure.  However, interpretation of these results is ham-
pered by differences in definition of the arsenic-exposure measure, which was
percent arsenic in rock multiplied by duration of exposure for the Ontario study
and duration of arsenic exposures (mgm–3y) for the China study.  The evidence
appears to suggest a greater than additive (synergistic) association for the com-
bined relative risks for cigarette use and airborne arsenic exposure (Hertz-
Picciotto and others 1992).  In miner populations, the joint association of the
three factors, radon progeny, arsenic, and smoking, has not been evaluated.

Silica

Silica, a ubiquitous exposure in many types of underground mining, is of
particular interest in that it not only causes silicosis but also has been identified as
a suspect human carcinogen by the International Agency for Research on Cancer
(IARC 1987).  In classifying crystalline silica as carcinogenic, IARC indicated
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that evidence of silica was sufficient in animals while limited in humans.  For a
detailed review of silica and lung cancer, see Goldsmith and Samet (1994).
Abelson (1991) has identified silica in mines as one of the key factors contribut-
ing to uncertainty in the use of radon-associated lung cancers for miners to
estimate population risks for radon.  Silica might modify the risk of radon directly
as an additional carcinogenic exposure or indirectly by causing fibrosis and air-
ways damage.

With regard to this possible indirect mechanism, there have been several
studies on respiratory disease patients that suggest a significant association be-
tween obstructive lung function and lung cancer  (Davis 1976; Skillrud and
others 1986; Tockman and others 1987).  Similar findings have been reported for
pneumoconiotic workers by Harber and others (1986) and by Carta and others
(1991).   Carta and others (1994) suggest that “airways obstruction may be an
independent risk factor for bronchogenic carcinoma.”  Accordingly, they studied
the lung-cancer mortality in relation to airways obstruction among Sardinian
metal miners exposed to silica and low levels of radon progeny.  In one of the two
mines studied, the quartz concentration in the respirable dust was between 0.2%
and 2.0% while the radon exposures averaged 0.07 Jm–3 (0.13 WL) with the
maximum cumulative exposure in the 0.28 to 0.42  Jhm–3 (80-120 WLM) range.
In the second mine, the silica levels were much greater, ranging from 6.5% to
29%, while the radon levels were lower than in the first mine.  The cohort
included some 1,741 miners and a total of 25,842.5 person-years of exposure.
Lung function tests, chest radiographs, and smoking histories were available for
all subjects entering the cohort.  A total of seventeen subjects from the first mine
and seven from the second died of lung cancer.  The standardized mortality ratio
(SMR) for lung cancer was higher for the first mine.  Furthermore, among miners
with initial spirometric airways obstruction, those in the first mine showed the
highest risk.  Carta and others concluded that crystalline silica as such does not
affect lung-cancer mortality.  They further suggest that impaired pulmonary func-
tion may be an independent predictor of lung cancer and may be an important risk
factor because of enhancement of residence times for inhaled carcinogens.

An important investigation that considered silica dust and silicosis as risk
factors for lung cancer in underground miners was reported by Radford and St.
Clair Renard (1984).  They conducted a case-control study of silicosis in Swedish
iron miners involving 50 lung-cancer cases in deceased miners and 100 controls
matched on age, year mining began, and duration of time mining.  Both the
severity of silicosis and the frequency of radiographic evidence of silicosis were
comparable for the cases and the controls, indicating no effect of this disease on
lung-cancer risk.

Epidemiological evidence of increased lung-cancer risk in silicotic patients
has been reported by Koskela and others (1990) as well as by Chiyotani and
others (1990) and Merlo and others (1990).  However, there have been a number
of studies that present conflicting results on lung-cancer risks for workers with
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and without silicosis exposed to dust that contained silica.  These studies include:
Hessel and others (1990), Meijers and others (1990), Ng and others (1990),
Ahlman and others (1991), Amandus and Costello (1991), Carta and others
(1991), Chen and others (1991), Chia and others (1991), Hnizdo and Sluis-Cremer
(1991), Kusiak and others (1991), and McLaughlin and others (1992).  Generally
these studies demonstrate no clear dose-response relationship for silica exposure
even though an overall association between lung cancer and the presence of
silicosis was observed in some of the studies.

Samet and coworkers (1994) conducted a case-control study in the cohort of
underground uranium miners in New Mexico  to assess the presence of radio-
graphic silicosis as a risk factor for lung cancer.  This is one of the cohorts
included in the pooled data set.  The presence of silicosis as determined by chest
radiographs taken at or near the beginning of employment was determined for 65
lung-cancer cases and 216 controls. Data on the individual exposures to silica
were not available, but there are data available that demonstrate the presence of
silica in mines in the region of the study.  Also, silicosis is well documented in
underground uranium miners in the southwestern states.  The study showed that
the presence of silicosis was not associated with lung-cancer risk after adjustment
was made for cumulative exposure to radon.  These investigators recognized that
the findings were limited by the small number of subjects, but they were able to
conclude nonetheless that there was a lack of association of silicosis with lung
cancer.  They stated that “silica exposure should not be regarded as a major
uncertainty in extrapolating radon risk estimates from miners to the general
population.”

Finkelstein (1995) examined the presence of radiographic silicosis as a lung-
cancer risk-factor in miners from the Ontario Silicosis Surveillance Database. In
contrast to the findings of Samet and others (1994), he found that silicosis was a
highly significant risk factor for lung cancer.  Accordingly, he concluded that the
radon lung-cancer risk decreased if an adjustment for the presence of silicosis was
made.  However, Archer (1996) has criticized Finkelstein’s conclusion on the basis
that early lung cancer is very difficult to discern from radiographs of individuals
whose lungs contain fibrotic abnormalities.  Archer states that it is likely that at the
time they were admitted into the study the silicotics in Finkelstein’s cohort had
more undetected cancers than did the controls.  Archer also criticized Finkelstein’s
assumption that radon exposures for the non-uranium miners was zero.

Recently, Enderle and Friedrich (1995) published a review of the exposure
conditions and the health consequences for the East German uranium miners in
the Saxony and Thuringia regions.  They point out that in the 1946 to 1955 period
working conditions were extremely poor and the miners were exposed not only to
radon progeny, but also to very high dust levels, and to toxic chemicals or ele-
ments including arsenic and crystalline silica.  They offer no direct evidence
relating silica and lung cancer for these miners, but they do cite a study by
Melhorn (1992) that reports a high rate of bronchial carcinoma occurring in
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miners with known silicosis.  They also cite the work by Tockman and Samet
(1994) who describe silicosis as a risk factor for lung cancer.

Goldsmith and coworkers (1995) have also shown that, in addition to having
increased mortality from nonmalignant respiratory diseases and from tuberculo-
sis, silicotics have a significantly elevated risk of death from cancers of the
trachea, bronchus, and lung.

Diesel Engine Exhaust and Fumes

Exposure to diesel is also relevant to extrapolation of risks from miners to
the population.  Some uranium-mining operations used diesel engine-powered
equipment resulting in the exposure of miners to diesel exhaust.  As will be
discussed below, the diesel soot particles are readily respirable.  They are carbon-
aceous particles and have associated hydrocarbons some of which are mutagenic
and also carcinogenic.  This raises the potential for the diesel soot to be carcino-
genic, and further raises the possibility that diesel exhaust may induce lung
cancer.  In turn, this raises the possibility for diesel exhaust to be a confounding
factor in evaluating the lung-cancer risks of exposure to radon.

In this section, the evidence is reviewed for diesel exhaust causing lung
cancer.  This is followed by a discussion of the possible role of diesel exhaust as
a causative factor in lung cancers observed in uranium miners.

The diesel engine, patented by Rudolph Diesel in 1892, has found wide use
in commerce, including use in mining operations and in railroad locomotives.
The dieselization of railroads occurred principally after World War II, reached its
midpoint in 1952, and by 1959, approximately 95% of the locomotives in the
United States were diesel powered (U.S. Department of Labor 1972).

Concern for health effects of exposure to diesel exhaust has existed for some
time.  This concern relates to the readily inhalable size of diesel soot particles, 0.1
to 0.5 µg (Cheng and others 1984), giving concern for the development of lung
cancer.  This concern is heightened by an awareness that a significant portion,
typically 10 to 15%, of the diesel soot particles by weight consist of organic
compounds readily extractable by organic solvents (Johnson 1988).  The ex-
tracted material includes many polycyclic aromatic hydrocarbons including many
that are mutagenic and some that are carcinogenic (Schuetzle and Jensen 1985;
Schuetzle and Lewtas 1986).  Kotin and others (1955) demonstrated that organic
solvent extracts of diesel soot were carcinogenic when painted on mouse skin.

The prospect for increased use of diesel engines in light-duty vehicles in the
late 1970s increased concern for the cancer risks of inhalation exposure to diesel
soot.  This concern stimulated the conduct of epidemiological investigations,
bioassays in laboratory animals, and a wide range of mechanistic studies at all
levels of biological organization from cells to populations of mammals.

The epidemiological studies have been recently reviewed by Cohen and
Higgins (1995) and Nauss and others (1995) in a special report prepared by the
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Health Effects Institute (1995).  Two figures from that report provide a summary
of the currently available data on lung-cancer risks evaluated in railroad workers
(Figure F-1), and truck drivers (Figure F-2).  From these figures, it is clear that
the relative risk of lung cancer measured in the various studies is only elevated
significantly if at all in a few studies.  A major confounder in these studies, as is
usually the case, is cigarette-smoking which is a dominant causative factor in
lung cancer.  This is illustrated by considering Table F-1 taken from Garshick and
others (1987).  The slightly elevated lung-cancer risk (odds ratio = 1.41, 95% CE
= 1.06, 1.88) contrasts sharply with the substantial risk measured for cigarette-
smoking.  Cigarette-smoking risk increased with amount of cigarette smoking
and age to an odds ratio of 9.14, 59% CE = 6.11, 13.70 for cases age greater than
65 years and >50 pack-years of cigarette smoking.  Crump and others (1991)
reanalyzed the data used by Garshick and others (1987) as well as additional data
on the same population and was unable to discern an exposure-related increase in
lung-cancer risk.

In the late 1980s, results of a number of well-conducted laboratory animal
bioassays of diesel exhaust became available.  These results have been exten-
sively reviewed (Mauderly 1992; Health Effects Institute 1995; McClellan 1987).
The results, summarized in Figure F-3 taken from the HEI report (1995), clearly
indicate that long-term high-level exposure to diesel exhaust increases an excess
of lung cancer in rats.  Mice and Syrian hamsters similarly exposed have yielded
negative or equivocal results.  An excellent example of this contrasting result is
apparent from the studies of rats (increased lung cancer) and mice (no increase in

FIGURE F-1 Lung cancer and exposure to diesel exhaust in railroad workers.
● = RR adjusted for cigarette-smoking; � = RR not adjusted for cigarette-
smoking.  For two studies (adapted from Nauss and The HEI Diesel Working
Group, 1995).
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FIGURE F-2 Lung cancer and exposure to diesel exhaust in truck drivers. ● = RR
adjusted for cigarette smoking; � = RR not adjusted for cigarette smoking.  For the study
by Williams (William and others 1977), CLs were not reported and could not be calculat-
ed.  For the Steenland study (Steenland and others 1992), the data were gathered from the
union reports of long-haul truckers; for the 1988 Boffetta study (Boffetta and others
1988), the data were self-reported by diesel truck drivers; and for the Siemiatycki study
(Siemiatycki 1991), they were self-reported by heavy-duty truck drivers (personal
communication).

lung cancer) reported by Mauderly and others (1996) to diesel exhaust from the
same source.

As the significance of the diesel exhaust rat lung-cancer findings was dis-
cussed, it was noted that chronic inhalation exposure of other particulate materi-
als (lacking in capability to directly damage DNA) also caused an increase in
lung cancer in rats (Vostal 1986).  This raised questions as to the mechanisms by
which diesel exhaust and these other materials might be acting.  It was speculated
that the effects of these materials might be related to their ability, when inhaled at
high concentrations, to overload lung-clearance mechanisms and cause chronic
inflammation and, ultimately, lung cancer (Vostal 1986; Morrow 1988; McClellan
1990).

To test this hypothesis, studies were conducted in which rats were chroni-
cally exposed to carbon black particles, which were relatively devoid of mu-
tagenic organic compounds.  Two major laboratories found that carbon black had
about the same effectiveness as diesel exhaust in producing lung cancer in rats.
Recently, Driscoll and others (1996) and Oberdörster (1996) have shown that
exposure to high concentrations of carbon black produced persistent pulmonary
inflammation, and an increase in mutations in lung epithelial cells.  These results
provide a plausible mechanism for the pathogenesis of the particle-induced lung
cancer in rats.  This is illustrated schematically in Figure F-4.
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TABLE F-1 Regression results using diesel exhaust exposure as a single
continuous variable (diesel-years) adjusted for cigarette-smoking and asbestos
exposure

Odds
Exposure Category Coefficient Ratio 95% Cl p Values

Case age <64
Diesel-years 0.01719 1.41a 1.06, 1.88 0.02
Asbestos, Y/N 0.18111 1.20 0.87, 9.65 0.27
<50 pack-yearsb 1.19196 3.29 1.57, 6.93 <0.01
>50 pack-yearsb 1.73606 5.68 2.73, 11.80 <0.01
Pack-years missingb 1.37975 3.97 1.86, 8.51 <0.01

Case age > 65
Diesel-years –0.00461 0.91a 0.71, 1.17 0.47
Asbestos, Y/N –0.01807 0.98 0.81, 1.20 0.86
<50 pack-yearsb 1.47641 4.38 2.90, 6.60 <0.01
>50 pack-yearsb 2.21321 9.14 6.11, 13.70 <0.01
Pack-years missingb 1.35379 3.87 2.56, 5.84 <0.01

aCalculated on the basis of 20 years of exposure.
bReference category of zero pack-years (never-smokers).
From Garshick and others (1987).

FIGURE F-3 The relation between rat lung-tumor incidence and exposure rates for
diesel exhaust particulate matter.  Data point code is: B = Brightwell and others 1989;
H1 = Heinrich and others 1995; I1 = Ishinishi and others 1986; (exhaust from 1.8-L
engine); I2 =  Ishinishi and others 1986 (exhaust from 11-L engine); Iw = Iwai and others
1986; M1 = Mauderly and others 1987; M2 = Mauderly and others 1994. ● = Includes
lesions identified by the investigator as “benign squamous tumors”; � = excludes these
lesions.
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The recent cancer results from rats exposed to diesel exhaust raises questions
as to the appropriateness of their use for defining the carcinogenic risk of diesel
exhaust to humans (McClellan 1996).  Thus, the human lung-cancer risk of diesel
exhaust exposure should be based exclusively on the epidemiological data re-
viewed earlier.

With the above information as background, the potential interaction between
radon and diesel exhaust can be considered.  In the absence of either epidemio-
logical studies of radon-exposed individuals that have included characterization
of diesel exhaust exposure as a confounder or laboratory animal studies with
controlled exposure to radon and diesel exhaust, it is only possible to speculate on
the potential combined effects of radon and diesel exhaust.  Some insight may be
gained by considering the data in Table F-1 from the study of railroad workers
exposed to diesel exhaust.  The results of this study can be interpreted as identi-
fying diesel exhaust as a potential low-potency carcinogen.  The characterization
of diesel exhaust as a low-potency carcinogen is made with reference to cigarette-
smoking that was substantially more potent than diesel exhaust depending on the
extent of smoking.  It is unlikely that the uranium miners had smoking histories
substantially different from the railroad workers.  Compared to diesel exhaust,
radon exposure may also be classed as a high-potency risk factor.  It can be
argued that in an exposure environment involving the two high-potency risk
factors, radon and cigarette-smoking, the addition of a low-potency risk factor,
diesel exhaust, would be unlikely to affect the combined risk from the two high-
potency risk factors.

Muscat and Wynder (1995) conducted a case-control study to determine the
effects of exposure to diesel engine exhaust and fumes.  The subjects were truck
drivers, mine workers, firefighters, and railroad workers, and included 235 male
hospital patients with laryngeal cancer.  These investigators showed that diesel
engine exhaust is unrelated to laryngeal cancer risk.  They offered no suggestion
that lung cancer would be directly related to diesel fume exposures.

Mycotoxins

Recently there has been speculation about the possible role of mycotoxins in
the production of lung cancers.  In a letter to the editor of Lancet, Venitt and
Biggs (1994) suggested that exposure of uranium miners to mycotoxins such as
sterigmatocystin could account for the mutations in p53 at codon 249 that had
been reported by Taylor and coworkers (1994).  Taylor and others had suggested
that the codon 249 mutation may be a marker for radon-induced lung cancer, but
Venitt and Biggs point out that the gross damage caused by α particles would be
expected to produce gross damage to the DNA rather than a precise mutation at a
specific codon. Likewise, Hei and others (1994b) suggest that although a point
mutation could be induced by α particles, complete loss of the p53 gene would be
more likely.   Bartsch and others (1995) also assert that a radon-induced hotspot
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mutation would be surprising since one would expect mainly random DNA strand
breaks.  They screened for the presence of the codon 249 mutation in lung cancers
from the Saxony, Germany uranium miners and found that none of the 50 lung
tumors analyzed showed the hotspot mutation.  Lo and others (1995) also raise
the possibility that the results found by Taylor and colleagues could be related to
mycotoxins.

Hypotheses concerning a possible role of mycotoxins are presently specula-
tive and not supported by any observational data.  Information on exposures is
completely lacking.

Sram and coworkers (1993) have reported that Czech uranium miners are
exposed to chemical mutagens as well as radon.  They found molds in throat
swabs from 27% of the miners studied as compared to only 5% in controls.
Various mycotoxins were found in the swabs, including sterigmatocystin, a
bisfuranoid mycotoxin that is structurally related to aflatoxins.  Sterigmatocystin
is reported  by Gopalakrishnan and others (1992) to be a potent carcinogen and
mutagen that produces squamous carcinomas and adenocarcinomas in animal
lungs.

SUMMARY

Exposures other than radon progeny sustained by underground miners could
plausibly modify the lung-cancer risk associated with exposure to radon progeny.
The relevant data for assessing such modification in the miner cohorts are scant.
Uncontrolled arsenic exposure may be a source of positive bias, as shown for
example in the Chinese tin miners.  The role of silica has not been directly
assessed; the scant epidemiologic evidence indicates that the presence of silicosis
is not a strong modification of the risk of radon.  Diesel exhaust, present in some
of the more recent miners, was also probably not a strong modifier of the risk of
radon progeny.
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Appendix G

Epidemiologic Studies in
the Indoor Environment

This appendix examines the epidemiologic evidence of an association be-
tween indoor radon-progeny exposure and lung cancer.  Although data from
indoor-radon studies are not yet sufficient to develop a general risk-assessment
model or to estimate precisely the magnitude of risk posed by radon in houses,
the data do support a small increase in lung-cancer risk due to indoor radon
exposure and are consistent both with the extrapolation of lung-cancer risk using
miner-based models and with relative risks among miners with cumulative expo-
sures similar to exposures that might be experienced by long-term residents in
houses that exceed the Environmental Protection Agency (EPA) action level.
However, there are sufficient uncertainties in current epidemiologic studies that
the residential data alone do not conclusively support a definable excess lung-
cancer risk associated with radon-progeny exposure.

Ecologic studies and analytic case-control studies are the 2 types of epide-
miologic studies that have considered the issue.  In an ecologic study, regional
rates of lung cancer are related to a measure of regional radon concentration.  The
measures of radon concentration are regional mean radon concentrations ob-
tained from direct measurement in a small number of houses and purported
correlates of indoor-radon concentration, such as geologic formations and hous-
ing characteristics.  In an analytic case-control study, data are obtained directly
from lung-cancer cases and controls, or their surrogates, through personal inter-
views.  Radon-progeny exposure is estimated for each person and is based on
either direct data from indoor-radon measurement or surrogate measures, such as
housing type.

The committee concludes that only analytic case-control studies that rely on
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direct measurement of radon in houses are useful for evaluating the risk of lung
cancer posed by indoor-radon exposure.  In contrast, because of the inability to
control for confounding at the level of the individual, limitations in the use of a
few radon measurements to represent exposures for an entire region, and the large
risk associated with cigarette-smoking (an excess lung-cancer risk of 1,000-
2,000%, with an estimated 20-30% for indoor radon-progeny exposure), the com-
mittee believes that ecologic studies of indoor-radon exposure and lung cancer
are essentially noninformative and shed little light on the association of indoor
radon-progeny exposure and lung cancer.

In this appendix, we review the sources of exposure to radon progeny in the
general population and the epidemiologic studies of indoor exposure, and we
consider the results of the epidemiologic studies and their design limitations.

SOURCES OF ENVIRONMENTAL RADON
EXPOSURE AMONG NONMINERS

The principal source of radon-progeny exposure in buildings is emanation
from soil and  rock below ground.  In a few special situations, well water or
building materials can contribute substantially but they make relatively small
contributions to the overall dose (NCRP 1984).

The most-complete survey of radon concentrations in U.S. dwellings, the
National Residential Radon Study (NRRS), was performed by EPA in 125 coun-
ties in 50 states (Marcinowski and others 1994).  The arithmetic mean radon
concentration was 46.3 Bqm–3 (geometric standard deviation, 3.11); the EPA
action level is 148 Bqm–3.  Figure 1-4 from Marcinowski and others (1994)
shows that single-family homes have a slightly higher radon concentration (arith-
metic mean 54.0 Bqm–3; geometric standard deviation, 2.97) than all dwellings,
whereas multi-family units (defined as attached single-family dwellings, town-
houses, apartments, duplexes, and condominiums) have a markedly lower mean
radon concentration (arithmetic mean, 24.1 Bqm–3; geometric standard deviation,
3.23).  In the survey, 6.1% of houses exceeded the EPA action level; this con-
firms earlier estimates, which were based on smaller studies compiled by Nero
and others (1986), but it is much lower than estimates from commercial test
vendors of 19% (Cohen and others 1984; Cohen and Gromicko 1988) and 23%
(Alter and Oswald 1987).  Presumably, the latter higher estimates result from a
selection bias of homeowners who suspect they have a radon problem and not
from biased measurement.  Also in agreement with the earlier findings of Nero
and others (1986), the NRRS found that the distribution of radon concentrations
in residences could be satisfactorily represented by a lognormal distribution.

The NRRS also confirmed earlier studies that indicated that basements have
higher average radon concentrations than higher floors.  Their data showed that
average radon concentrations in first-floor rooms were about 40% of those in
basements, average second-floor room concentrations were about 90% of those
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of first floors, and average third-floor or higher room concentrations were about
84% of those of second floors.

There is no evidence that average radon concentrations in U.S. dwellings are
significantly different from those in other nontropical countries. The most-compre-
hensive international survey was compiled in the 1988 UN Scientific Committee on
Effects of Atomic Radiation (UNSCEAR) report (UNSCEAR 1988), which ana-
lyzed worldwide radon surveys.  The population-weighted arithmetic mean in tem-
perate and high-latitude countries was estimated to be about 50 Bqm–3, which was
combined with a “guesstimate” of about 20 Bqm–3 in tropical countries to yield a
worldwide population-weighted arithmetic mean of about 40 Bqm–3.

Within a given dwelling or building, the radon concentration is determined
essentially by the ratio (Scott 1992) of the average radon concentration in soil gas
near foundation openings (Csoil) to the airflow resistance of soil around the house
foundation (Isoil).  That ratio is often called the soil-radon potential (SRP), and
much effort has been devoted to its characterization.  Csoil depends on depth, soil
radium concentration, and water content (Rogers and Nielson 1991), and it is not
well correlated with radium or uranium concentrations in the underlying bedrock
(the poor correlation makes SRP predictions based on gross geologic consider-
ations rather inaccurate).  Isoil depends essentially on the basement dimensions
and the soil permeability to air, which varies widely from 10 to 18 m2 for well-
graded gravel, from 10 to 11 m2 for sand and gravel, and from 10 to 15 m2 for
clay (Tanner 1990).

The various methods that have been used for estimating SRP have been
reviewed by Yokel (1989).  However, as the number of screening measurements
of radon concentrations in homes has increased dramatically in the last decade,
the need for predictive methods has correspondingly decreased, and radon-prone
areas can be identified simply by analyzing the home measurements (Scott 1992,
1993).  For example, the International Commission on Radiological Protection
(ICRP 1993) has proposed that areas in which more than 1% of buildings have
radon concentrations that are more than 10 times the national average might be
designated as radon-prone.

In contrast with earlier expectations (for example, Rundo and others 1979;
Cohen and Gromicko 1988), it now appears that house design and weatherproof-
ing (both determinants of the rate of exchange of  indoor with outdoor air) are not
strong determinants of domestic radon concentration.  For example, in a study of
2,000 British homes, Gunby and others (1993) found that house design, building-
material type, and amount of weatherproofing together accounted for less than
5% of the observed variation in radon concentration; the implication is that, on
the average, SRP is the dominant determinant.

The occupancy factor of schools and workplaces is about 2/7 that of homes
(ICRP 1993).  Thus, radon in schools and workplaces is likely to be an important
contributor to the overall dose.  ICRP (1993) has suggested that action levels in
these buildings should be the reciprocal of that fraction, or 7/2, as high as in
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dwellings (and should be weighted by the relevant dose-conversion coefficients,
if applicable), but this suggestion has not been implemented.

Relatively few studies of radon concentrations in the workplace have been
undertaken (Cohen and others 1984; Saccomanno and others 1986; Turk and
others 1986; Westin and others 1991).  In general, concentrations have been
lower than those in local dwellings, presumably because of the larger number of
floors and the greater ventilation rates in workplaces (Nero and others 1988).

Radon concentrations in schools are of particular interest because of the
possible variation in radon susceptibility of children, compared with adults (Pro-
bart 1989).  During 1990 and 1991, EPA undertook a randomized national survey
of radon concentrations in U.S. public schools (the National Schools Radon
Survey, or NSRS, EPA 1993).  Of a random sample consisting of 927 public
schools, about 19% had at least 1 classroom with a radon concentration above 148
Bqm–3, and 2.7% of all schoolrooms had concentrations above 148 Bqm–3.  The
NSRS, however, is not useful for estimating the contribution of schools to total
radon-progeny exposure of children, teachers, and others from time in schools, in
that measurements were conducted continuously, including on weekends and
vacations, and thus failed to account for the intermittent occupancy of schools by
students, teachers, and others.  Typically, heating, ventilating, and air-conditioning
systems would not be in use when children and teachers were away from school,
but the increased concentrations during those times would not contribute to
personal exposure.

ECOLOGIC STUDIES

In ecologic studies, data are considered at the group level, rather than the
individual level, as in other epidemiologic studies (Morgenstern 1995).  Ecologic
studies typically use existing information, such as vital-statistics data, and are
therefore relatively easy to perform.  Ecologic studies have been useful for gener-
ating hypothesis about environmental exposures and disease but have been used
less to characterize risks.  Because recognized limitations in data and approxima-
tions of the form of the regression model, ecologic analyses are not generally
useful for confirmatory purposes, such as risk estimation and hypothesis-testing.
Piantadosi and others (1988) present several examples from a national health and
nutrition survey that showed that ecologic regression coefficients based on aggre-
gated data are larger and smaller than regression coefficients based on individual
data and have opposite signs.  In the case of radon risk, limitations of ecologic
studies are particularly serious because of the presence of smoking, which con-
stitutes an overarching risk factor for lung cancer; as noted above, cigarette-
smoking causes a 1,000-2,000% excess risk of lung cancer.

Soon after the potential hazard of indoor radon was first identified, a number
of ecologic studies were performed and reported.  The findings of these studies
were mixed in their support of the hypothesized lung-cancer risk associated with
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indoor radon (Stidley and Samet 1993).  One particularly large on-going study of
lung-cancer mortality by county in the United States, reported in several papers
by Cohen (1990, 1995) and Cohen and Colditz (1990), even shows an unantici-
pated inverse association between lung-cancer mortality by county and estimated
average radon exposure of residents of the counties.  Stidley and Samet (1993)
reviewed the ecologic approach to indoor radon and lung cancer and considered
15 studies published as of 1992.  This chapter extends their review and considers
the general utility of information from ecologic studies.

The Ecologic Study Design

In ecologic studies, the relation between exposure (radon) and disease (lung
cancer) is assessed by examining the association between a measure of disease
occurrence (generally the age-adjusted lung-cancer mortality) in a group of
people, usually those residing in a defined geographic unit, and the extent of
exposure estimated for the group.  Ecologic studies have proved feasible for
developing hypotheses for further testing in studies at the individual level.  For
example, an ecologic association between breast-cancer mortality in a number of
western countries and estimates of average fat consumption led to the hypothesis
that higher intakes of fat increase breast-cancer risk (Armstrong and Doll 1975).
Ecologic studies may also be useful if there is general homogeneity of exposure
in a population.  Typically, the ecologic design has not been used to assess risks
associated with exposures at the individual level.

Morgenstern (1995) has classified ecologic studies by method of exposure
measurement and method of grouping.  Studies are termed exploratory if the
primary exposure of interest is not measured and the data are analyzed to identify
patterns that could lead to more-specific hypotheses.  Analytic studies incorporate
the exposure of interest; studies of radon have been of this type.  With regard to
the method of grouping, the groups in a study may come from multiple locations
(multiple-group design), from multiple periods (time-trend design), or from mul-
tiple locations and periods (mixed design).  The multiple-group design has been
the principal ecologic approach to the study of indoor radon and lung cancer; in
the application of this approach to indoor radon, lung-cancer mortality is com-
pared across geographic groups assumed to have a range of associated exposures
to indoor radon.  Stidley and Samet (1993) further classified the studies of indoor
radon and lung cancer according to the primary analytic approach—comparison
of disease rates in different groups classified by radon exposure or regression of
disease rates on a continuous estimate of radon exposure for the group.

Ecologic Studies of Radon and Lung Cancer

In their 1993 publication, Stidley and Samet (1993) summarized 15 ecologic
studies on lung cancer and residential radon exposure.  Through 1995, 4 addi-
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tional studies were reported, including a study of lung-cancer mortality in U.S.
counties by Cohen (1995).  Details of those studies are provided in Tables G-1
through G-4: their approach to estimation of radon exposure in Table G-1, their
outcome variables and controlled covariates in Table G-2, their handling of smok-
ing in Table G-3, and their findings in Table G-4.  Following the approach of
Stidley and Samet (1993), we have broadly grouped the studies as “comparison”
or “regression” studies on the basis of the primary analytic approach for assessing
the effect of the radon exposure measure.  In the comparison studies, disease rates
and mortality are compared in 2 or more groups; in the regression studies, the
outcome measure is modeled as a function of exposure.

Diverse approaches have been used to estimate the exposures of the groups
(Table G-1).  In the comparison studies, exposure rankings have been assigned to
the groups on the basis of geology, measurements, or other factors.  In most of the
regression studies, data on indoor radon concentrations from population-based
surveys or from less formally developed samples were used to assign quantitative
exposures to geographic units.  Background gamma radiation and radon concen-
tration in well water were also used as surrogates.

The outcome measure in the studies was either the age-adjusted incidence or
mortality from lung cancer (Table G-2).  The extent to which other factors were
considered in the analyses was variable.  Analyses were done separately by sex,
with adjustment for sex, or with restriction to one sex.  Socioeconomic factors
and urbanization were incorporated in some studies.

A number of the studies included measures of smoking by the members of
the analytic groups (Table G-3); these measures were based on cigarette-sales
information and smoking surveys.

The finding of the studies vary widely, from positive and statistically sig-
nificant associations between radon-exposure measures and lung-cancer rates to
negative and statistically significant associations (Table G-4).  A number of
studies showed no evidence of association.  The studies reported by Cohen have
been particularly prominent because of the large number of U.S. counties in-
cluded in the analyses and the strong negative association between estimated
county-average radon exposure and lung-cancer mortality.  We have cited two,
representative reports based on Cohen’s analyses, including the most recent
report (1995).

In the most-recent report by Cohen (1995), data from 1,601 counties, repre-
senting most of the U.S. population, were used.  Radon exposures were assigned
to the counties by combining data from 3 sources: measurements made by the
University of Pittsburgh, measurements made by EPA, and measurements com-
piled by individual states.  Potential confounding by smoking was addressed by
extending 1985 data on statewide prevalence to the county level with adjustment
for the degree of urbanization of the county.  The potential for confounding by
sociodemographic factors or their correlates was explored by stratification on
levels of 54 variables.  Confounding by geography was assessed by stratification,
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TABLE G-1 Characteristics of radon-exposure measures in 19 ecologic studies
of lung cancer and indoor radon

Study Exposure Measure

Comparison studies
Archer (1987) Proportion of county covered by Reading Prong granites

Bean and others (1982a,b) Radium concentration in municipal well-water supply

Dousset and Jammet (1985) Two regions differing by a factor of 3-4 in indoor radon
concentrations

Fleischer (1981) Proximity of phosphate mines, deposits, or processing plants

Fleischer (1986) Proportion of county within Reading Prong

Forastiere and others (1985) Characteristics of soil

Hofmann and others (1985) Adjacent areas varying by radon and thoron concentrations

Vonstille and Sacarello (1990) Indoor radon

Ennemoser and others (1994) Indoor radon

Neuberger and others (1994) Indoor radon

Regression studies
Cohen (1993) Indoor radon concentration
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Group measure Exposure grouping and number of groups

Location Reading Prong (7 counties)
Border (9 counties)
Control (17 counties)

Averages based on average of 9 0-74 Bqm–3 (2-5 pCiL–1) (10 towns)
measurements per town taken 74-185 Bqm–3 (2-5 pCiL–1) (9 towns)
between 1958 and 1979 >185 Bqm–3 (2-5 pCiL–1) (9 towns)

Location and radon Limousin (high)
Poitou-Charentes (control)

Location Counties with phosphate mines (25), deposits, or
processing plants (total of 316 counties)

Location Mostly within (3 counties)
Less than half within (10 counties)
Adjacent counties (138 counties adjacent to

counties with mines)

Lithology Volcanic (27 municipalities)
Nonvolcanic (4 municipalities)
(Total population for both groups <200,000)

Location, radon, and thoron High background (0.38 WLM/yr) (764,696 person-
yr)

Control (0.16 WLM/yr) (777,482 person/yr)

Averages for U.S. Geological Survey High (99 Zip-code areas)
quadrangles based on statewide Low (1,983 Zip-code areas)
survey of 6,500 homes None (918 Zip-code areas)
commissioned in 1985

Location Austria Alp area (mean, 4,121 Bqm–3 in 178
homes), remainder of Tyrol

Location <8pCiL–1, 8-10 pCiL–1, >10 pCiL–1

Geometric means based on 411 countries
several surveys (some nonrandom)
of homes: 39,000 measurements in
living areas and 29,000
measurements in basements
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Edling and others (1982) Background gamma radiation

Haynes (1988) Indoor radon concentration

Hess and others (1983) Radon concentration in well water

Letourneau and others (1983) Indoor radon concentration

Ruosteenoja (1991) Average annual indoor radon concentration

Stranden (1987) Indoor radon concentration

Magnus and others (1994) Indoor radon concentration

Cohen (1995) Indoor radon concentration

Source: Samet and Stidley 1993.

TABLE G-1 Continued

Study Exposure Measure
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Averages based on county random 24 counties
sample of 1,500 homes; published
in 1987

Averages based on county survey of 55 counties
2,309 homes; published in 1987

Averages weighted by proportion of 16 counties
 rock type; survey of 2,000 wells

Geometric means from survey of 18 cities (total population about 11,000,000)
14,000 homes conducted in
summers of 1978-1980

Geometric means based on 18 municipalities (total population of 59,000 males
nonrandom survey of average in 1980)
of 120 homes per municipality
conducted by end of 1985

Averages based on nonrandom 75 municipalities
sample of 20 houses in each
municipality during heating
season, 2 locations per house

Average based on national 427 municipalities
sample of 7,500 homes

Average based on 3 data sets 1,601 counties

Group measure Exposure grouping and number of groups



Copyright © National Academy of Sciences. All rights reserved.

Health Effects of Exposure to Radon: BEIR VI
http://www.nap.edu/catalog/5499.html

366 APPENDIX G

T
A

B
L

E
 G

-2
O

ut
co

m
e 

an
d 

co
nt

ro
ll

ed
 v

ar
ia

bl
es

 i
n 

19
 e

co
lo

gi
c 

st
ud

ie
s 

of
 l

un
g 

ca
nc

er
 a

nd
 i

nd
oo

r 
ra

do
n

S
tu

dy
O

ut
co

m
e 

va
ri

ab
le

C
on

tr
ol

le
d 

va
ri

ab
le

C
om

m
en

ts
 o

n 
co

nt
ro

ll
ed

 v
ar

ia
bl

es

C
om

pa
ri

so
n 

st
ud

ie
s

A
rc

he
r 

(1
98

7)
L

un
g-

ca
nc

er
 m

or
ta

li
ty

, 
19

50
-1

97
9

A
ge

R
at

es
 s

ta
nd

ar
di

ze
d 

to
 1

97
0 

U
.S

. 
ce

ns
us

po
pu

la
ti

on
.

S
ex

B
ot

h 
se

xs
 c

om
bi

ne
d;

 a
na

ly
se

s 
by

 s
ex

 g
av

e
si

m
il

ar
 r

es
ul

ts
.

E
th

ni
ci

ty
A

na
ly

si
s 

re
st

ri
ct

ed
 t

o 
C

au
ca

si
an

s.
S

oc
io

ec
on

om
ic

G
ro

up
s 

“s
im

il
ar

.”
U

rb
an

iz
at

io
n

C
ou

nt
ie

s 
w

it
h 

la
rg

e 
ci

ti
es

 o
m

it
te

d;
 g

ro
up

s
“s

im
il

ar
.”

P
op

ul
at

io
n 

gr
ow

th
 N

o 
ad

ju
st

m
en

t,
 b

ut
 r

at
es

 d
if

fe
re

d 
fo

r
gr

ou
ps

.
B

ea
n 

an
d 

ot
he

rs
 (

19
82

a,
b)

L
un

g-
ca

nc
er

 i
nc

id
en

ce
, 

19
69

-1
97

8
A

ge
R

at
es

 s
ta

nd
ar

di
ze

d 
to

 1
97

0 
Io

w
a 

ag
e

(1
97

2 
ex

cl
ud

ed
)

di
st

ri
bu

ti
on

.
S

ex
A

na
ly

se
s 

do
ne

 b
y 

se
x.

S
m

ok
in

g
N

ot
 i

nc
lu

de
d 

in
 m

od
el

, 
bu

t 
gr

ou
ps

 c
he

ck
ed

fo
r 

si
m

il
ar

it
y.

S
oc

io
ec

on
om

ic
In

cl
ud

ed
 i

n 
re

gr
es

si
on

 m
od

el
.

U
rb

a n
iz

a t
io

n
In

c l
ud

ed
 t

ow
ns

 h
a d

 1
97

0 
po

pu
la

ti
on

 o
f

1,
00

0-
10

,0
00

; 
to

w
ns

 c
a t

e g
or

iz
e d

 b
y 

si
z e

.
W

a t
e r

U
se

d 
a s

 e
xc

lu
si

on
 c

ri
te

ri
a  

or
 i

nc
lu

de
d 

in
c h

a r
a c

te
ri

st
ic

s
 r

e g
re

ss
io

n 
m

od
e l

.
D

ou
ss

e t
 a

nd
 J

am
m

e t
 (

19
85

)
L

un
g-

c a
nc

e r
 m

or
ta

li
ty

, 
19

68
-1

97
5

A
ge

R
a t

e s
 s

ta
nd

a r
di

z e
d 

to
 1

96
8 

po
pu

la
ti

on
.

S
ex

A
na

ly
se

s 
do

ne
 b

y 
se

x.
S

m
ok

in
g

S
im

il
a r

 a
ve

ra
ge

 t
ob

a c
c o

 c
on

su
m

pt
io

n.
F

le
is

c h
e r

 (
19

81
)

L
un

g-
c a

nc
e r

 i
nc

id
e n

c e
, 

19
50

-1
96

9
A

ge
R

a t
e s

 s
ta

nd
a r

di
z e

d 
to

 t
he

 1
96

0 
U

.S
.

po
pu

la
ti

on
.

S
ex

A
na

ly
se

s 
do

ne
 b

y 
se

x.
E

th
ni

c i
ty

M
a i

n 
a n

a l
ys

is
 r

e s
tr

ic
te

d 
to

 C
a u

c a
si

a n
s.

U
rb

a n
iz

a t
io

n
A

na
ly

si
s 

in
c l

ud
ed

 s
tr

a t
if

ic
a t

io
n 

by
po

pu
la

ti
on

 s
iz

e .



Copyright © National Academy of Sciences. All rights reserved.

Health Effects of Exposure to Radon: BEIR VI
http://www.nap.edu/catalog/5499.html

EPIDEMIOLOGIC STUDIES IN THE INDOOR ENVIRONMENT 367
F

le
is

ch
er

 (
19

86
)

L
un

g-
ca

nc
er

 i
nc

id
en

ce
, 

19
50

-1
96

9
A

ge
R

at
es

 s
ta

nd
ar

di
ze

d 
to

 t
he

 1
96

0 
U

.S
.

po
pu

la
ti

on
.

S
ex

A
na

ly
se

s 
do

ne
 b

y 
se

x.
E

th
ni

ci
ty

A
na

ly
si

s 
re

st
ri

ct
ed

 t
o 

C
au

ca
si

an
s.

F
or

as
ti

er
e 

an
d 

ot
he

rs
 (

19
85

)
L

un
g-

ca
nc

er
 m

or
ta

li
ty

, 
19

69
-1

97
8

A
ge

A
na

ly
se

s 
do

ne
 b

y 
ag

e 
gr

ou
ps

 o
r 

us
ed

 a
ge

-
ad

ju
st

ed
 r

at
es

; 
on

ly
 t

ho
se

 3
5-

74
 y

r 
ol

d
in

cl
ud

ed
.

S
ex

A
na

ly
se

s 
do

ne
 b

y 
se

x 
or

 u
se

d 
se

x-
ad

ju
st

ed
ra

te
s.

S
m

ok
in

g
S

tr
at

if
ie

d 
by

 p
er

 c
ap

it
a 

ye
ar

ly
 c

ig
ar

et
te

 s
al

es
.

U
rb

an
iz

at
io

n
L

ar
ge

st
 t

ow
n 

ex
cl

ud
ed

; 
re

m
ai

ni
ng

m
un

ic
ip

al
it

ie
s 

st
ra

ti
fi

ed
 b

y 
po

pu
la

ti
on

si
ze

.
H

of
m

an
n 

an
d 

ot
he

rs
 (

19
85

)
L

un
g-

ca
nc

er
 m

or
ta

li
ty

, 
19

70
-1

98
3

A
ge

A
ge

-a
dj

us
te

d 
ra

te
s.

S
ex

S
ex

-a
dj

us
te

d 
ra

te
s.

S
m

ok
in

g
N

ei
gh

bo
ri

ng
 g

ro
up

s;
 a

ss
um

ed
 s

im
il

ar
;

w
om

en
 d

id
 n

ot
 s

m
ok

e.
S

oc
io

ec
on

om
ic

N
ei

gh
bo

ri
ng

 g
ro

up
s;

 a
ss

um
ed

 s
im

il
ar

.
U

rb
an

iz
at

io
n

B
ot

h 
gr

ou
ps

 r
ur

al
.

M
ob

il
it

y
S

ta
bl

e 
po

pu
la

ti
on

s.
V

on
st

il
le

 a
nd

 S
a c

a r
e l

lo
 (

19
90

)
P

e r
c e

nt
a g

e  
of

 s
e r

io
us

 i
ll

ne
ss

e s
 t

ha
t

A
ge

A
ge

-a
dj

us
te

d 
to

 1
98

5 
F

lo
ri

da
 p

op
ul

a t
io

n.
w

e r
e  

m
a l

ig
na

nt
 n

e o
pl

a s
m

s
S

ex
A

na
ly

se
s 

do
ne

 b
y 

se
x.

S
oc

io
e c

on
om

ic
 a

nd
L

im
it

e d
 o

ne
 a

na
ly

se
s 

to
 t

he
 l

ow
e r

 c
la

ss
 i

n 
a n

m
ob

il
it

y
a t

te
m

pt
 t

o 
re

du
c e

 e
ff

e c
t 

of
 m

ob
il

it
y.

E
nn

em
os

e r
 a

nd
 o

th
e r

s 
(1

99
4)

L
un

g-
c a

nc
e r

 m
or

ta
li

ty
, 

19
70

-1
99

1
A

ge
A

ge
-a

dj
us

te
d 

ra
te

s.
S

e x
S

ex
-a

dj
us

te
d 

ra
te

s
N

e u
be

rg
e r

 a
nd

 o
th

e r
s 

(1
99

4)
L

un
g-

c a
nc

e r
 i

nc
id

e n
c e

, 
19

73
-1

99
0

A
ge

A
ge

-a
dj

us
te

d 
ra

te
s.

S
e x

W
om

en
 o

nl
y

R
eg

re
ss

io
n 

st
ud

ie
s

C
oh

en
 (

19
93

)
L

un
g-

c a
nc

e r
 m

or
ta

li
ty

, 
19

50
-1

96
9

A
ge

A
ge

-a
dj

us
te

d 
ra

te
s.

S
e x

A
na

ly
se

s 
do

ne
 b

y 
se

x.
E

th
ni

c i
ty

A
na

ly
si

s 
re

st
ri

c t
e d

 t
o 

C
a u

c a
si

a n
s.



Copyright © National Academy of Sciences. All rights reserved.

Health Effects of Exposure to Radon: BEIR VI
http://www.nap.edu/catalog/5499.html

368 APPENDIX G

T
A

B
L

E
 G

-2
C

on
ti

nu
ed

S
tu

dy
O

ut
co

m
e 

va
ri

ab
le

C
on

tr
ol

le
d 

va
ri

ab
le

C
om

m
en

ts
 o

n 
co

nt
ro

ll
ed

 v
ar

ia
bl

es

S
m

ok
in

g
In

cl
ud

ed
 i

n 
re

gr
es

si
on

 m
od

el
.

S
oc

io
ec

on
om

ic
S

ev
er

al
 v

ar
ia

bl
es

 i
nc

lu
de

d 
in

 r
eg

re
ss

io
n

m
od

el
s.

U
rb

an
iz

at
io

n
S

ev
er

al
 v

ar
ia

bl
es

 i
nc

lu
de

d 
in

 r
eg

re
ss

io
n

m
od

el
s.

M
ob

il
it

y
In

 s
om

e 
an

al
ys

es
, 

ra
do

n 
ex

po
su

re
s 

w
er

e
ad

ju
st

ed
 t

o 
ac

co
un

t 
fo

r 
m

ob
il

it
y;

  
B

la
ck

s
om

it
te

d 
to

 r
ed

uc
e 

ef
fe

ct
 o

f 
m

ob
il

it
y.

E
dl

in
g 

an
d 

ot
he

rs
 (

19
82

)
L

un
g-

ca
nc

er
 m

or
ta

li
ty

, 
19

69
-1

97
8

A
ge

R
at

es
 s

ta
nd

ar
di

ze
d 

to
 1

97
4 

S
w

ed
is

h
po

pu
la

ti
on

 >
40

 y
r;

 r
es

tr
ic

te
d 

to
 p

eo
pl

e
>

40
 y

r.
S

ex
A

na
ly

se
s 

do
ne

 b
y 

se
x.

H
ay

ne
s 

(1
98

8)
S

ta
nd

ar
di

ze
d 

m
or

ta
li

ty
 r

at
io

s 
fo

r
A

ge
A

ge
 a

dj
us

tm
en

t 
at

te
m

pt
ed

 t
hr

ou
gh

lu
ng

-c
an

ce
r 

m
or

ta
li

ty
, 

19
80

-1
98

3
st

an
da

rd
iz

ed
 r

at
e 

ra
ti

os
.

S
ex

A
na

ly
se

s 
do

ne
 b

y 
se

x.
S

m
ok

in
g

In
cl

ud
ed

 i
n 

re
gr

es
si

on
 m

od
el

.
S

oc
io

ec
on

om
ic

In
cl

ud
ed

 i
n 

re
gr

es
si

on
 m

od
el

.
U

rb
a n

iz
a t

io
n

P
op

ul
a t

io
n 

de
ns

it
y 

in
c l

ud
ed

 i
n 

re
gr

e s
si

on
m

od
e l

.
D

ie
t

V
it

am
in

 A
 c

on
su

m
pt

io
n 

in
c l

ud
ed

 i
n

re
gr

e s
si

on
 m

od
e l

.
H

e s
s 

a n
d 

ot
he

rs
 (

19
83

)
L

un
g-

c a
nc

e r
 m

or
ta

li
ty

, 
19

50
-1

96
9

A
ge

A
ge

-a
dj

us
te

d 
ra

te
s 

fr
om

 N
a t

io
na

l 
C

a n
c e

r
In

st
it

ut
e .

S
e x

A
na

ly
se

s 
do

ne
 b

y 
se

x.
S

m
ok

in
g

C
on

c l
ud

ed
 t

ha
t 

sm
ok

in
g 

di
d 

no
t 

a c
c o

un
t 

fo
r

ob
se

rv
e d

 d
if

fe
re

nc
e s

.
U

rb
a n

iz
a t

io
n

C
on

c l
ud

ed
 t

ha
t 

po
pu

la
ti

on
 d

en
si

ty
 d

id
 n

ot
a c

c o
un

t 
fo

r 
ob

se
rv

e d
 d

if
fe

re
nc

e s
.

M
ob

il
it

y 
a n

d 
gr

ow
th

A
ck

no
w

le
dg

ed
 t

ha
t 

m
ob

il
it

y 
w

ou
ld

 d
im

in
is

h
a n

 e
ff

e c
t,

 b
ut

 o
bs

e r
ve

d 
th

a t
 s

ta
te

po
pu

la
ti

on
 h

a s
 b

e e
n 

st
a b

le
 i

n 
19

00
s.



Copyright © National Academy of Sciences. All rights reserved.

Health Effects of Exposure to Radon: BEIR VI
http://www.nap.edu/catalog/5499.html

EPIDEMIOLOGIC STUDIES IN THE INDOOR ENVIRONMENT 369
L

et
ou

rn
ea

u 
an

d 
ot

he
rs

 (
19

83
)

L
un

g-
ca

nc
er

 m
or

ta
li

ty
, 

19
66

-1
97

9
A

ge
R

at
es

 a
ge

-a
dj

us
te

d 
to

 1
97

1 
C

an
ad

ia
n

po
pu

la
ti

on
; 

re
st

ri
ct

ed
 t

o 
th

os
e 

45
-7

9 
yr

ol
d.

S
ex

A
na

ly
se

s 
do

ne
 b

y 
se

x.
S

m
ok

in
g

In
cl

ud
ed

 i
n 

re
gr

es
si

on
 m

od
el

.
S

oc
io

ec
on

om
ic

C
or

re
la

te
d 

w
it

h 
ra

te
s.

M
ob

il
it

y
S

tu
dy

 r
es

tr
ic

te
d 

to
 p

eo
pl

e 
>

45
 y

r 
ol

d 
to

re
st

ri
ct

 e
ff

ec
t 

of
 m

ob
il

it
y,

 b
ut

 m
ob

il
it

y
st

il
l 

hi
gh

.
R

uo
st

ee
no

ja
 (

19
91

)
L

un
g-

ca
nc

er
 i

nc
id

en
ce

, 
19

73
-1

98
2

A
ge

R
at

es
 a

ge
-a

dj
us

te
d 

to
 w

or
ld

 s
ta

nd
ar

d
po

pu
la

ti
on

.
S

ex
S

tu
dy

 r
es

tr
ic

te
d 

to
 m

al
es

.
S

m
ok

in
g

In
cl

ud
ed

 i
n 

re
gr

es
si

on
 m

od
el

.
U

rb
an

iz
at

io
n

A
ll

 g
ro

up
s 

ru
ra

l.
M

ob
il

it
y

S
ta

bl
e 

po
pu

la
ti

on
.

S
tr

an
de

n 
(1

98
7)

L
un

g-
ca

nc
er

 i
nc

id
en

ce
, 

19
66

-1
98

5
A

ge
A

ge
-a

dj
us

te
d 

ra
te

s.
S

ex
A

na
ly

se
s 

do
ne

 b
y 

se
x.

S
m

ok
in

g
In

cl
ud

ed
 i

n 
re

gr
es

si
on

 m
od

el
.

U
rb

an
iz

at
io

n
O

sl
o,

 N
or

w
ay

 e
xc

lu
de

d.
H

ou
se

 c
ha

ra
ct

er
is

ti
cs

E
xa

m
in

ed
, 

bu
t 

no
t 

co
nt

ro
ll

ed
.

M
ag

nu
s 

a n
d 

ot
he

rs
 (

19
94

)
L

un
g-

c a
nc

e r
 i

nc
id

e n
c e

, 
19

79
-1

98
8

A
ge

A
ge

-a
dj

us
te

d 
ra

te
s.

S
e x

A
na

ly
se

s 
do

ne
 b

y 
se

x.
S

m
ok

in
g

In
c l

ud
ed

 i
n 

re
gr

e s
si

on
 m

od
e l

.
A

sb
e s

to
s

In
c l

ud
ed

 i
n 

re
gr

e s
si

on
 m

od
e l

.
C

oh
en

 (
19

95
)

L
un

g-
c a

nc
e r

 m
or

ta
li

ty
, 

19
70

-1
97

9
A

ge
A

ge
-a

dj
us

te
d 

ra
te

s.
S

e x
S

ex
-s

pe
c i

fi
c  

a n
a l

ys
e s

.
S

m
ok

in
g

In
c l

ud
ed

 i
n 

re
gr

e s
si

on
 m

od
e l

.
S

oc
io

e c
on

om
ic

In
c l

ud
ed

 i
n 

re
gr

e s
si

on
 m

od
e l

.

S
ou

rc
e:

 S
am

et
 a

nd
 S

ti
dl

ey
 1

99
3.



Copyright © National Academy of Sciences. All rights reserved.

Health Effects of Exposure to Radon: BEIR VI
http://www.nap.edu/catalog/5499.html

370 APPENDIX G

T
A

B
L

E
 G

-3
A

dj
us

tm
en

ts
 f

or
 c

ig
ar

et
te

-s
m

ok
in

g 
in

 1
9 

ec
ol

og
ic

 s
tu

di
es

 o
f 

lu
ng

 c
an

ce
r 

an
d 

in
do

or
 r

ad
on

S
tu

dy
A

dj
us

tm
en

t 
fo

r 
ci

ga
re

tt
e-

sm
ok

in
g

C
om

pa
ri

so
n 

st
ud

ie
s

A
rc

he
r 

(1
98

7)
N

o 
ad

ju
st

m
en

t,
 b

ut
 c

on
cl

ud
ed

 t
ha

t 
av

er
ag

e 
sm

ok
in

g 
be

ha
vi

or
 s

ho
ul

d 
no

t 
di

ff
er

 s
ig

ni
fi

ca
nt

ly
 a

m
on

g 
gr

ou
ps

.
B

e a
n 

a n
d 

ot
he

rs
 (

19
82

a ,
b)

B
y 

e x
am

in
in

g 
lu

ng
-c

a n
c e

r 
ra

te
s 

in
 n

e i
gh

bo
ri

ng
 t

ow
ns

, 
th

e y
 c

on
c l

ud
ed

 t
ha

t 
ne

ig
hb

or
in

g 
to

w
ns

 w
e r

e  
si

m
il

a r
to

 e
a c

h 
ot

he
r 

w
it

h 
re

sp
e c

t 
to

 s
m

ok
in

g 
be

ha
vi

or
; 

fr
om

 a
na

ly
si

s 
of

 c
on

tr
ol

s 
in

 N
a t

io
na

l 
C

ol
la

bo
ra

ti
ve

C
a s

e -
C

on
tr

ol
 S

tu
dy

, 
th

e y
 c

on
c l

ud
ed

 t
ha

t 
sm

ok
in

g 
ra

te
s 

w
e r

e  
lo

w
e r

 i
n 

c o
un

ti
e s

 w
it

h 
st

ud
y 

to
w

n 
w

it
h

hi
gh

 r
a d

iu
m

 c
on

c e
nt

ra
ti

on
 i

n 
w

a t
e r

 t
ha

n 
in

 c
ou

nt
ie

s 
w

it
h 

“ l
ow

” -
ra

di
um

 t
ow

n.
D

ou
ss

e t
 a

nd
 J

am
m

e t
 (

19
85

)
N

o 
a d

ju
st

m
en

t,
 b

e c
a u

se
 g

ro
up

s 
di

d 
no

t 
di

ff
e r

 i
n 

a v
e r

a g
e  

to
ba

c c
o 

c o
ns

um
pt

io
n.

F
le

is
c h

e r
 (

19
81

)
N

o 
a d

ju
st

m
en

t,
 b

ut
 n

ot
e d

 t
ha

t 
a v

e r
a g

e  
sm

ok
in

g 
ra

te
s 

di
ff

e r
 o

nl
y 

sl
ig

ht
ly

 a
m

on
g 

st
a t

e s
.

F
le

is
c h

e r
 (

19
86

)
N

o 
a d

ju
st

m
en

t.
F

or
a s

ti
e r

e  
a n

d 
ot

he
rs

 (
11

98
5)

S
tr

a t
if

ie
d 

by
 p

e r
 c

a p
it

a  
ye

a r
ly

 c
ig

a r
e t

te
 s

a l
e s

 f
ro

m
 1

97
1 

su
rv

e y
 (

th
us

, 
us

e d
 c

ur
re

nt
 s

m
ok

in
g 

be
ha

vi
or

).
H

of
m

an
n 

a n
d 

ot
he

rs
 (

16
)

N
o 

a d
ju

st
m

en
t,

 b
e c

a u
se

 g
ro

up
s 

w
e r

e  
a s

su
m

ed
 t

o 
be

 s
im

il
a r

 a
nd

 w
om

en
 g

en
e r

a l
ly

 d
id

 n
ot

 s
m

ok
e .

V
on

st
il

le
 a

nd
 S

a c
a r

e l
lo

 (
19

90
)

N
o 

a d
ju

st
m

en
t.

E
nn

em
os

e r
 a

nd
 o

th
e r

s 
(1

99
4)

N
o 

a d
ju

st
m

en
t.

N
e u

be
rg

e r
 a

nd
 o

th
e r

s 
(1

99
4)

S
m

ok
in

g 
a s

 o
f 

19
60

 e
st

im
a t

e d
 f

ro
m

 d
a t

a  
fr

om
 c

a s
e -

c o
nt

ro
l 

st
ud

y



Copyright © National Academy of Sciences. All rights reserved.

Health Effects of Exposure to Radon: BEIR VI
http://www.nap.edu/catalog/5499.html

EPIDEMIOLOGIC STUDIES IN THE INDOOR ENVIRONMENT 371
R

eg
re

ss
io

n 
st

ud
ie

s
C

oh
en

 (
19

93
)

A
ve

ra
ge

 s
ta

te
 c

ig
ar

et
te

 s
al

es
 a

nd
 i

nf
or

m
at

io
n 

fr
om

 s
ta

te
 t

ax
 c

ol
le

ct
io

ns
 w

er
e 

in
cl

ud
ed

 i
n 

re
gr

es
si

on
 m

od
el

re
st

ri
ct

ed
 t

o 
st

at
e 

av
er

ag
es

.
E

dl
in

g 
an

d 
ot

he
rs

 (
19

82
)

N
o 

ad
ju

st
m

en
t.

H
ay

ne
s 

(1
98

8)
R

eg
re

ss
io

n 
m

od
el

 i
nc

lu
de

d 
av

er
ag

e 
w

ee
kl

y 
ho

us
eh

ol
d 

ex
pe

nd
it

ur
e 

on
 c

ig
ar

et
te

s 
fo

r 
19

61
-1

96
3;

 i
nf

or
m

at
io

n
ob

ta
in

ed
 f

ro
m

 1
96

2 
M

in
is

tr
y 

of
 L

ab
or

 r
ep

or
t,

 f
ro

m
 a

bo
ut

 2
0 

yr
 b

ef
or

e 
lu

ng
-c

an
ce

r 
de

at
hs

.
H

es
s 

an
d 

ot
he

rs
 (

19
83

)
N

o 
va

ri
ab

le
 i

nc
lu

de
d 

in
 r

eg
re

ss
io

n 
m

od
el

, 
bu

t 
co

nc
lu

de
d 

th
at

 s
m

ok
in

g 
di

d 
no

t 
ac

co
un

t 
ob

se
rv

ed
 d

if
fe

re
nc

es
in

 l
un

g-
ca

nc
er

 m
or

ta
li

ty
 r

at
es

.
L

et
ou

rn
ea

u 
an

d 
ot

he
rs

 (
19

83
)

R
eg

re
ss

io
n 

m
od

el
 i

nc
lu

de
d 

pe
rc

en
ta

ge
 o

f 
pe

op
le

 >
45

 y
r 

ol
d 

w
ho

 w
er

e 
cu

rr
en

t 
sm

ok
er

s 
or

 e
x-

sm
ok

er
s;

in
fo

rm
at

io
n 

ob
ta

in
ed

 f
ro

m
 C

an
ad

ia
n 

L
ab

ou
r 

F
or

ce
 S

ur
ve

ys
 i

n 
19

77
, 

19
79

, 
an

d 
19

81
, 

so
 c

ur
re

nt
 s

m
ok

in
g

be
ha

vi
or

 w
as

 c
on

si
de

re
d.

R
uo

st
ee

no
ja

 (
19

91
)

R
eg

re
ss

io
n 

m
od

el
 i

nc
lu

de
d 

pe
rc

en
ta

ge
 o

f 
sm

ok
er

s;
 i

nf
or

m
at

io
n 

ob
ta

in
ed

 f
ro

m
 r

ec
en

t 
sm

ok
in

g 
su

rv
ey

 o
f

m
en

 1
9-

70
-y

r 
ol

d 
in

 e
ac

h 
m

un
ic

ip
al

it
y.

S
tr

an
de

n 
(1

98
7)

R
eg

re
ss

io
n 

m
od

el
 i

nc
lu

de
d 

av
er

ag
e 

nu
m

be
r 

of
 c

ig
ar

et
te

s 
sm

ok
ed

/d
; 

in
fo

rm
at

io
n 

ob
ta

in
ed

 f
ro

m
 a

 1
96

4-
19

65
st

ud
y,

 1
-2

1 
yr

 b
ef

or
e 

co
ns

id
er

ed
 l

un
g-

ca
nc

er
 c

as
es

.
M

ag
nu

s 
an

d 
ot

he
rs

 (
19

94
)

S
m

ok
in

g 
da

ta
 f

ro
m

 1
96

4-
19

65
 m

ai
le

d 
su

rv
ey

.
C

oh
en

 (
19

95
)

19
85

 s
m

ok
in

g 
su

rv
ey

 b
y 

st
at

e,
 a

dj
us

te
d 

fo
r 

ti
m

e 
tr

en
d.

S
ou

rc
e:

 S
am

et
 a

nd
 S

ti
dl

ey
 1

99
3.



Copyright © National Academy of Sciences. All rights reserved.

Health Effects of Exposure to Radon: BEIR VI
http://www.nap.edu/catalog/5499.html

372 APPENDIX G
T

A
B

L
E

 G
-4

F
in

di
ng

s 
of

 1
9 

ec
ol

og
ic

 s
tu

di
es

 o
f 

lu
ng

 c
an

ce
r 

an
d 

in
do

or
 r

ad
on

S
tu

dy
L

oc
at

io
n 

of
 s

tu
dy

F
in

di
ng

s

C
om

pa
ri

so
n 

st
ud

ie
s

A
rc

he
r 

(1
98

7)
R

ea
di

ng
 P

ro
ng

 a
nd

In
cr

ea
se

 i
n 

lu
ng

-c
an

ce
r 

m
or

ta
li

ty
 f

or
 c

ou
nt

ie
s 

co
nt

ai
ni

ng
 R

ea
di

ng
 P

ro
ng

 (
p

<
 0

.0
1)

, 
w

it
h 

in
cr

ea
se

 f
ro

m
 a

nn
ua

l 
ra

te
 o

f 
23

.9
 p

er
 1

00
,0

00
 (

95
%

 C
Ia

,
23

.4
-2

4.
4)

 f
or

 c
on

tr
ol

 t
o 

31
.3

 p
er

 1
00

,0
00

 (
95

%
 C

I,
 3

0.
5-

32
.1

) 
fo

r
R

ea
di

ng
 P

ro
ng

 c
ou

nt
ie

s 
(r

at
e 

ra
ti

o 
of

 1
.3

b )
B

ea
n 

an
d 

ot
he

rs
 (

19
82

a,
b)

T
ow

ns
 i

n 
Io

w
a

L
un

g-
ca

nc
er

 i
nc

id
en

ce
 f

or
 m

al
es

 i
nc

re
as

ed
 w

it
h 

in
cr

ea
si

ng
 a

ve
ra

ge
 r

ad
iu

m
co

nc
en

tr
at

io
n 

in
 w

at
er

 (
p<

.0
02

);
 r

el
at

iv
e 

ri
sk

 o
f 

1.
68

 f
or

 m
al

es
 w

it
h

ex
po

su
re

 >
18

5 
B

qm
-3

 (
5 

pC
iL

-1
) 

to
 t

ho
se

 w
it

h 
ex

po
su

re
 <

74
 B

qm
-3

 (
2

pC
iL

-1
).

  
R

el
at

iv
e 

ri
sk

 o
f 

1.
45

 f
or

 f
em

al
es

 n
ot

 s
ta

ti
st

ic
al

ly
 s

ig
ni

fi
ca

nt
.

D
ou

ss
et

 a
nd

 J
am

m
et

 (
19

85
)

T
w

o 
re

gi
on

s 
in

 F
ra

nc
e

N
o 

di
ff

er
en

ce
 i

n 
lu

ng
-c

an
ce

r 
m

or
ta

li
ty

 b
et

w
ee

n 
2 

ex
po

su
re

 g
ro

up
s 

(r
at

e
ra

ti
os

, 
0.

97
 f

or
 m

al
es

 a
nd

 1
.0

0 
fo

r 
fe

m
al

es
).

b

F
le

is
ch

er
 (

19
81

)
U

.S
. 

co
un

ti
es

M
or

e 
co

un
ti

es
 t

ha
n 

ex
pe

ct
ed

 w
it

h 
hi

gh
 l

un
g-

ca
nc

er
 r

at
es

 i
n 

gr
ou

p 
w

it
h

ph
os

ph
at

e 
de

po
si

ts
 o

r 
pr

oc
es

si
ng

 p
la

nt
s 

un
de

r 
as

su
m

pt
io

n 
of

 n
o

as
so

ci
at

io
n 

be
tw

ee
n 

ph
os

ph
at

e 
an

d 
lu

ng
-c

an
ce

r 
ra

te
s 

(p
 <

 0
.0

00
1)

.
F

le
is

ch
er

 (
19

86
)

R
ea

di
ng

 P
ro

ng
 c

ou
nt

ie
s

M
or

e 
co

un
ti

es
 t

ha
n 

ex
pe

ct
ed

 w
it

h 
hi

gh
 l

un
g-

ca
nc

er
 r

at
es

 i
n 

gr
ou

p 
m

os
tl

y
w

it
hi

n 
R

ea
di

ng
 P

ro
ng

 u
nd

er
 h

yp
ot

he
si

s 
of

 n
o 

ge
og

ra
ph

ic
 a

ss
oc

ia
ti

on
 w

it
h

lu
ng

-c
an

ce
r 

ra
te

s 
(p

 =
 0

.0
17

 f
or

 m
al

es
 a

nd
 p

 =
 0

.0
38

 f
or

 f
em

al
es

).
F

or
as

ti
er

e 
an

d 
ot

he
rs

 (
19

85
)

T
ow

ns
 i

n 
ce

nt
ra

l 
It

al
y

N
on

si
gn

if
ic

an
t 

in
cr

ea
se

 i
n 

lu
ng

-c
an

ce
r 

m
or

ta
li

ty
 i

n 
vo

lc
an

ic
 a

re
a 

ov
er

no
nv

ol
c a

ni
c  

a r
e a

; 
st

a n
da

rd
iz

e d
 r

a t
e  

ra
ti

o 
of

 1
.2

2 
fo

r 
m

a l
e s

 (
p 

=
 0

.2
2)

w
it

h 
95

%
 C

I,
 0

.8
9-

1.
68

 a
nd

 s
ta

nd
a r

di
z e

d 
ra

te
 r

a t
io

 o
f 

1.
24

 f
or

 f
em

a l
e s

 (
p

=
 0

.3
7)

 w
it

h 
95

%
 C

I,
 1

.7
7-

1.
98

.b

H
of

m
an

n 
a n

d 
ot

he
rs

 (
19

85
)

T
w

o 
a d

ja
c e

nt
 a

re
a s

 i
n 

C
hi

na
N

o 
a s

so
c i

a t
io

n 
be

tw
e e

n 
lu

ng
-c

a n
c e

r 
m

or
ta

li
ty

 a
nd

 r
a d

on
 e

xp
os

ur
e ;

 2
.7

de
a t

hs
 p

e r
 1

00
,0

00
 i

n 
hi

gh
-e

xp
os

ur
e  

gr
ou

p 
a n

d 
2.

9 
pe

r 
10

0,
00

0 
in

 c
on

tr
ol

(r
a t

e  
ra

ti
o,

 0
.9

3)
.b

V
on

st
il

le
 a

nd
 S

a c
a r

e l
lo

 (
19

90
)

F
lo

ri
da

N
o 

di
ff

e r
e n

c e
 i

n 
pe

rc
e n

ta
ge

 o
f 

to
ta

l 
se

ri
ou

s 
il

ln
e s

se
s 

th
a t

 w
e r

e  
m

a l
ig

na
nt

ne
op

la
sm

s 
am

on
g 

3 
e x

po
su

re
 g

ro
up

s,
 w

it
h 

3.
6%

, 
5.

4%
, 

a n
d 

3.
9%

 f
or

m
a l

e s
 i

n 
no

-e
xp

os
ur

e ,
 l

ow
-e

xp
os

ur
e ,

 a
nd

 h
ig

h-
e x

po
su

re
 g

ro
up

s,
re

sp
e c

ti
ve

ly
; 

pe
rc

e n
ta

ge
 f

or
 f

em
a l

e s
 w

e r
e  

lo
w

e r
 a

nd
 w

it
h 

no
 d

if
fe

re
nc

e .
E

nn
em

os
e r

 a
nd

 o
th

e r
s 

(1
99

4)
T

yr
ol

, 
A

us
tr

ia
S

M
R

 f
or

 l
un

g 
c a

nc
e r

 i
nc

re
a s

e d
 f

or
 h

ig
h-

ra
do

n 
re

gi
on

 v
s.

 T
yr

ol
 t

ot
a l

; 
S

M
R

=
 6

.2
; 

95
%

 c
on

fi
de

nc
e  

in
te

rv
a l

, 
4.

4-
8.

4.
N

e u
be

rg
e r

 a
nd

 o
th

e r
s 

(1
99

4)
C

ou
nt

ie
s 

in
 I

ow
a

E
ff

e c
t 

of
 r

a d
on

  
w

it
h 

sm
ok

in
g,

 r
a d

on
, 

a n
d 

hi
st

ol
og

ic
 t

yp
e .



Copyright © National Academy of Sciences. All rights reserved.

Health Effects of Exposure to Radon: BEIR VI
http://www.nap.edu/catalog/5499.html

EPIDEMIOLOGIC STUDIES IN THE INDOOR ENVIRONMENT 373
R

eg
re

ss
io

n 
st

ud
ie

s
C

oh
en

 (
19

93
)

U
S

 c
ou

nt
ie

s
N

eg
at

iv
e 

as
so

ci
at

io
n 

be
tw

ee
n 

lu
ng

-c
an

ce
r 

m
or

ta
li

ty
 a

nd
 a

ve
ra

ge
 i

nd
oo

r
ra

do
n 

co
nc

en
tr

at
io

n 
w

er
e 

as
 f

ol
lo

w
s:

 -
0.

45
 (

37
 B

qm
-3

)-
1  

(1
 p

C
iL

-1
) 

pe
r

10
0,

00
0 

(9
5%

 C
I,

 -
0.

57
 t

o 
-0

.3
3)

 f
or

 f
em

al
es

; 
-3

.3
8 

(9
5%

 C
I,

 -
4.

03
 t

o
-2

.7
3)

 f
or

 m
al

es
.b

E
dl

in
g 

an
d 

ot
he

rs
 (

19
82

)
C

ou
nt

ie
s 

in
 S

w
ed

en
P

os
it

iv
e 

as
so

ci
at

io
n 

be
tw

ee
n 

lu
ng

-c
an

ce
r 

m
or

ta
li

ty
 a

nd
 a

ve
ra

ge
 b

ac
kg

ro
un

d
ga

m
m

a-
ra

di
at

io
n 

ex
po

su
re

; 
co

rr
el

at
io

n,
 0

.4
6 

(p
 =

 0
.1

2)
 f

or
 m

al
es

 a
nd

0.
55

 (
p 

=
 0

.0
3)

 f
or

 f
em

al
es

.
H

ay
ne

s 
(1

98
8)

C
ou

nt
ie

s 
in

 G
re

at
 B

ri
ta

in
N

eg
at

iv
e 

as
so

ci
at

io
n 

be
tw

ee
n 

lu
ng

-c
an

ce
r 

m
or

ta
li

ty
 a

nd
 a

ve
ra

ge
 i

nd
oo

r
ra

do
n 

co
nc

en
tr

at
io

n;
 p

ar
ti

al
 c

or
re

la
ti

on
, 

-0
.2

0 
(p

 <
 0

.0
1)

 f
or

 m
al

es
 a

nd
-0

.1
6 

(p
 <

 0
.0

1)
 f

or
 f

em
al

es
 a

ft
er

 a
dj

us
tm

en
t 

fo
r 

po
pu

la
ti

on
 d

en
si

ty
,

so
ci

al
 c

la
ss

, 
sm

ok
in

g,
 a

nd
 d

ie
t.

H
es

s 
an

d 
ot

he
rs

 (
19

83
)

C
ou

nt
ie

s 
in

 M
ai

ne
P

os
it

iv
e 

as
so

ci
at

io
n 

be
tw

ee
n 

lu
ng

-c
an

ce
r 

m
or

ta
li

ty
 a

nd
 a

ve
ra

ge
 r

ad
on

co
nc

en
tr

at
io

n 
in

 w
at

er
; 

co
rr

el
at

io
n 

0.
65

 (
p 

<
 0

.0
1)

 f
or

 f
em

al
es

 a
nd

 0
.4

6
(p

 <
 0

.1
0)

 f
or

 m
al

es
.

L
et

ou
rn

ea
u 

an
d 

ot
he

rs
 (

19
83

)
C

it
ie

s 
in

 C
an

ad
a

N
o 

si
gn

if
ic

an
t 

as
so

ci
at

io
n 

be
tw

ee
n 

lu
ng

-c
an

ce
r 

m
or

ta
li

ty
 a

nd
 a

ve
ra

ge
in

do
or

 r
ad

on
 e

xp
os

ur
e;

 c
or

re
la

ti
on

 -
0.

34
 f

or
 m

al
es

 a
nd

 0
.1

3 
fo

r 
fe

m
al

es
;

af
te

r 
ad

ju
st

m
en

t 
fo

r 
sm

ok
in

g,
 e

st
im

at
es

 o
f 

β 1
E

 i
n 

M
od

el
 I

Ia
 w

er
e 

-2
.7

(9
5%

 C
I,

 -
12

. 
to

 -
7.

5)
 a

nd
 0

.9
 (

95
%

 C
I,

 -
1.

4 
to

 -
3.

2)
 f

or
 m

al
es

 a
nd

fe
m

al
es

, 
re

sp
ec

ti
ve

ly
.

R
uo

st
ee

no
ja

 (
19

91
)

M
un

ic
ip

al
it

ie
s 

in
 F

in
la

nd
N

o 
si

gn
if

ic
an

t 
as

so
ci

at
io

n 
be

tw
ee

n 
lu

ng
-c

an
ce

r 
in

ci
de

nc
e 

an
d 

av
er

ag
e

in
do

or
 r

a d
on

 c
on

c e
nt

ra
ti

on
; 

a d
ju

st
e d

 f
or

 s
m

ok
in

g,
 r

e l
a t

iv
e  

ri
sk

, 
1.

08
 f

or
10

0 
B

qm
-3

 (
95

%
 C

I,
 0

.9
2-

1.
27

);
 w

e i
gh

te
d 

c o
rr

e l
a t

io
n,

 0
.3

6 
(p

 =
 0

.1
4)

.
S

tr
a n

de
n 

(1
98

7)
C

it
ie

s 
in

 N
or

w
ay

P
os

it
iv

e  
a s

so
c i

a t
io

n 
be

tw
e e

n 
lu

ng
-c

a n
c e

r 
in

c i
de

nc
e  

a n
d 

a v
e r

a g
e  

ra
do

n
ex

po
su

re
; 

95
%

 C
I 

fo
r 

li
fe

ti
m

e  
re

la
ti

ve
 r

is
k,

 0
.0

01
-0

.0
03

 (
B

qm
-3

)-
1  

ra
do

n.
M

ag
nu

s 
a n

d 
ot

he
rs

 (
19

94
)

M
un

ic
ip

a l
it

ie
s 

in
 N

or
w

ay
N

o 
ov

e r
a l

l 
a s

so
c i

a t
io

n 
w

it
h 

ra
do

n;
 s

ig
ni

fi
c a

nt
 i

nc
re

a s
e  

fo
r 

sm
a l

l-
c e

ll
c a

rc
in

om
a  

in
 w

om
en

.
C

oh
en

 (
19

95
)

U
.S

. 
c o

un
ti

e s
N

e g
a t

iv
e  

a s
so

c i
a t

io
n 

be
tw

e e
n 

lu
ng

-c
a n

c e
r 

m
or

ta
li

ty
 a

nd
 a

ve
ra

ge
 i

nd
oo

r
ra

do
n 

c o
nc

e n
tr

a t
io

n;
 s

m
ok

in
g-

a d
ju

st
e d

 c
oe

ff
ic

ie
nt

s,
 -

7.
3 

pe
r 

pC
iL

-1
 p

e r
10

0,
00

0 
fo

r 
m

en
 a

nd
 -

8.
3 

pe
r 

pC
iL

-1
 p

e r
 1

00
,0

00
 f

or
 w

om
en

.

a C
I 

=
 c

on
fi

de
nc

e 
in

te
rv

al
/

b S
om

e 
nu

m
er

ic
 r

es
ul

ts
 w

er
e 

ca
lc

ul
at

ed
 f

ro
m

 i
nf

or
m

at
io

n 
pr

ov
id

ed
 i

n 
th

e 
ar

ti
cl

es
.

S
ou

rc
e:

 S
am

et
 a

nd
 S

ti
dl

ey
 1

99
3.



Copyright © National Academy of Sciences. All rights reserved.

Health Effects of Exposure to Radon: BEIR VI
http://www.nap.edu/catalog/5499.html

374 APPENDIX G

and the sensitivity of the findings to outliers was examined.  There was a strong
negative association between 1970-1979 lung-cancer mortality and the county-
average radon concentrations; the association could not be explained by con-
founding.  In interpreting this finding, Cohen proposes that the negative associa-
tion implies failure of the linear, non-threshold theory for carcinogenesis from
inhaled radon decay products.

Limitations of the Ecologic Design for Investigating
Indoor Radon and Lung Cancer

Methodologic limitations of the ecologic design have received extensive
treatment in recent publications in the epidemiologic literature (Greenland and
Morgenstern 1989; Brenner and others 1992; Greenland and Robins 1994a;
Morgenstern 1995).  Morganstern’s (1995) review provides a framework for
considering the limitations of ecologic studies of indoor radon and lung cancer.
He notes that the goal of an epidemiologic study might be to draw biologic
inferences about individual risks or ecologic inferences about group rates.  In the
ecologic studies of radon and lung cancer, the goal is to make inferences about
the radon-associated lung-cancer risk of individuals, so there is a potential for
cross-level bias as observations made at the group level (such as, the county
level) are extended to individuals (for example, the county residents).  The exten-
sion of quantitative risk estimates from ecologic studies to the individual level is
also problematic.  Estimated risks depend strongly on the choice of model form
(Morgenstern 1995).  Control of confounding might be accomplished by regres-
sion modeling (which includes stratification) or standardization, as typically done
for age.  However, in the context of ecologic studies, regression modeling for
control of confounding might be unsuccessful unless a series of conditions are
met with regard to associations among predictors and disease rates (Greenland
and others 1989; Morgenstern 1995).  Standardization for control of confounding
might be unsuccessful unless all predictors are mutually standardized for the
same confounders—a condition that requires data on joint distributions that might
not be available (Morgenstern 1995).  Control of confounding can be further
compromised by misclassification and misspecification (Brenner and others 1992;
Morgenstern 1995).  Effect modification, that is, interaction effects—further com-
plicates interpretation of ecologic estimates of risk.

Ecologic bias has long been known to be a principal limitation of the eco-
logic study design.  This bias refers to the difference between associations at the
group and individual levels (Morgenstern 1995).  Ecologic bias has been given
quantitative definition (Greenland and others 1989).  Greenland and Morgenstern
(1989) have described sources of ecologic bias in using linear regression to
estimate the exposure effect; these sources include biases acting within a group,
confounding by group, and effect modification by group.  Other forms of bias can
affect ecologic studies, including inadequate control of confounding, model
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misspecification, and misclassification.  Morgenstern (1995) also lists a lack of
adequate data, temporal ambiguity of the exposure-disease relationship, collinear-
ity of predictor variables within groups, and migration across groups.

In their 1993 review, Stidley and Samet (1993) specifically addressed limita-
tions of ecologic studies of indoor radon and lung cancer, covering measurement
error and model misspecification.  Each of the 15 studies was reviewed for 14
potential limitations in those 3 broad categories.  All studies were found to have
multiple limitations.

Stidley and Samet noted 5 sources of measurement error: use of current
exposure to represent the biologically relevant period of past exposure, the inher-
ent error of the measurement devices, use of an indirect measure of indoor con-
centrations as an index of indoor radon exposure, use of sample rather than total-
population information, and estimation of individual exposure by a group
indicator, the ecologic fallacy.

Within a region, radon concentrations for houses are extremely variable
(Piantadosi and others 1988) and estimates of regional mean concentrations are
usually derived from relatively few measurements.  Radon concentrations are
derived from measurements in houses, which are occupied an average of 60-70%
of the time; the remaining 30-40% of people’s time spent in other houses, in
workplaces, outside, and so on.  Time spent in unmeasured areas increases expo-
sure uncertainty.  And current measurements might not accurately reflect radon
exposures of individuals over the last 30 yr or more.  The effects of exposure
errors can bias results in many ways; trends can increase or decrease or even
reverse direction.

With regard to the fourth source of measurement error (use of sample data),
Stidley and Samet showed that there are substantial probabilities of misclassifying
counties or other geographic units as to exposure if only a few measurements are
available.  In an expanded analysis, Stidley and Samet (1994) assessed the impact
of measurement error on the estimated effect of radon and on the standard error of
the regression coefficient describing the ecologic relationship between radon and
lung-cancer risk.  They found that the effect of radon and the standard error of the
effect estimate were underestimated because of measurement error; the degree of
bias was greater for smaller samples.  The underestimation of the standard error
would tend to overstate significance levels for tests on regression coefficients.

Model misspecification refers to a biologically incorrect formulation of the
relationship between radon exposure and lung-cancer risk.  Possible errors in
model specificaton include omission of confounders (such as, age and smoking)
or effect modifiers (such as smoking), the use of inappropriate functional forms
(such as linear rather than loglinear increase in risk posed by an exposure if the
latter were correct), and the use of an incorrect form of the model (such as an
additive model for the joint association of radon exposure and smoking rather
than a supra-additive model).  Effect modification at the individual level is an
intractable problem at the ecologic level (Stidley and Samet 1993, 1994).



Copyright © National Academy of Sciences. All rights reserved.

Health Effects of Exposure to Radon: BEIR VI
http://www.nap.edu/catalog/5499.html

376 APPENDIX G

Miner data clearly indicate that the relationship of lung-cancer occurrence in
a person, to cumulative exposure, is not simply linear, and that the joint relation-
ship of radon and smoking is not additive.  The “best” models indicate that the
regression relationship depends on cumulative radon progeny exposure and on
attained age, time since exposure, and exposure rate, although at the concentra-
tions of radon found in homes exposure rate might be of less importance.  In
addition, effects of  smoking are greater than additive.  Thus, for analyses of
aggregated data, the model for age-specific rates is not a simple linear regression
in exposure and smoking.  Ecologic regressions typically fit linear models to
age-adjusted rates and to estimates of radon concentration and smoking.  The
dependence of the radon-progeny exposure effects on the various factors implies
that comparisons can be made only among regions that have the same population
profile for age and past radon exposures, including exposure rates, or these fac-
tors must be age-standardized to a common population.  Furthermore, regions
must have a similar joint distribution for radon-progeny exposure and smoking.

When the exposure-response relationship is linear, there are no group-level
effects, and regressor variables are measured without error, population cumula-
tive exposure can be used to obtain an unbiased estimate of the exposure-response
parameter.  However, that simplification, which theoretically might arise when
the true model for individuals is linear, does not apply for radon-progeny expo-
sure and lung cancer.  The complexity of the risk model at the individual level
(exposure-response effects with age-specific, time-since-exposure and exposure-
rate variations and multiplicative or submultiplicative effects of smoking) does
not lend itself to a simply linear approximation for aggregated data and guaran-
tees that a linear model for age-adjusted disease rates is misspecified.

Statistical power of published reports was considered in the 1993 review of
Stidley and Samet (1993).  They found power to be limited for the reported
studies; given the expected magnitude of effect of radon on lung-cancer risk at
typical indoor concentrations, inadequate statistical power can lead to the incor-
rect conclusion that there is no association.

Stidley and Samet (1994) and Greenland and Robins (1994a) have further
considered limitations of ecologic studies of radon and lung cancer.  Using simu-
lation, Stidley and Samet (1994) assessed the sensitivity of the ecologic design to
confounding by cigarette-smoking.  The average estimate of the effect of radon
was negative when the correlation between radon and smoking was between
-0.17 and -1.00 (Figure G-1).  In an additional series of simulations, they ex-
plored the consequences of model misspecification, assessing the findings of a
simple linear-regression model when the underlying model is nonlinear.  They
showed that age-dependent risks and smoking-specific risks can be incorrectly
estimated by simple regression methods.

Greenland and Robins (1994a) considered biases that affect ecologic studies,
using a number of examples based on investigating radon and lung cancer.  They
provide an informative example based on a multiplicative relationship between
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lung cancer and radon level and smoking that mimics the negative exposure-
response results of Cohen (1995).  The example is based on the following: lung-
cancer occurrence is positively associated with radon concentration and ciga-
rette-smoking rate, with the relationship linear in radon level and jointly
multiplicative in radon concentration and cigarettes smoked per day; proportions
of never-smokers, 1-pack/d smokers and 2-pack/d smokers vary by region; smok-
ing rates vary by region (smoking rate is higher in regions with lower proportions
of ever-smokers), so regional mean smoking rate is independent of region; and
radon concentration is uniform within region but varies by region and is nega-
tively correlated with the proportion of ever-smokers.  Even though the “true”
relationship specifies an increasing risk with radon concentration, and the eco-
logic regression of lung-cancer rates on mean regional smoking rate shows a
positive exposure-response relationship, the regression of lung-cancer rates on
regional radon concentration shows a negative exposure-response relationship.

FIGURE G-1 Relative risks from 8 lung-cancer case-control studies of indoor radon.
Dashed line, extrapolation of risk from miners (Lubin and others 1994); dotted line;
relative risk of 1.
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The example does not prove that confounding from smoking is causing the nega-
tive regression in Cohen’s analysis, but it shows that results of an ecologic regres-
sion can be affected by a risk factor that is confounding at the level of the
individual, but not at the level of region.

That example and others in the same paper make it clear that conditions for
confounding at the individual and ecologic levels are distinct and that regression
methods might not fully control confounding.  Greenland and Robbins also note
misconceptions concerning ecologic regression: the incorrect assumption that a
linear model should approximate the true model because of Taylor’s theorem;
failure to recognize that nonlinearities at the individual level can lead to ecologic
bias; an incorrect belief that important departures from linearity in the individual-
level model will be detected by a test of fit of the ecologic linear model; an
incorrect belief that having a large number of analytic groups, such as, regions,
will ensure a random relationship between exposure and covariates; and an incor-
rect assumption that for ecologic bias to be present, region must be a confounder
on the individual level with control of other factors.

Cohen (1994), in responding to Greenland and Robins, dismissed those limi-
tations as not applicable to ecologic studies of radon and lung cancer.  He argued
that his ecologic study has at least 4 advantages over an individual study: a large
number of data points, the small degree of uncertainty affecting county mortality,
the availability of “good” data on many potential confounding factors, and the
size and diversity of the population being studied.  However, Cohen’s response
did not specifically address the inherent limitations of ecologic studies and eco-
logic regression, as detailed by Stidley and Samet (1993) and Greenland and
Robins (1994a).  Greenland and Robins (1994b), in responding to Cohen, found
little merit in his responses and disagreed with a principal assertion of his: that the
ecologic fallacy does not affect a test of “linear-nonthreshold theory.”

Piantadosi (1994), commenting on the exchange, suggested that Cohen’s
findings do “more to discredit the analysis than the theory.”  He elaborated: “The
result of Cohen’s analysis will seem biologically implausible to many investiga-
tors although it is probably theoretically possible at the individual level.  Many
epidemiologists will likely attribute the discrepancy between theory and result
more to deficiencies in ecologic analyses than to failure of the dose-response
theory. . . Most of us would not be willing to discard a useful theory on the basis
of such a test.”  Like Greenland and Robbins, Piantadosi is concerned by the
limitations of ecologic analyses and the inability to determine whether bias is
present and to estimate the direction and magnitude of its effect.

Uncontrolled confounding by smoking remains an explanation for the nega-
tive association between radon and lung cancer reported by Cohen.  Stidley and
Samet (1994) noted that there might be confounding in Cohen’s analysis reflect-
ing the higher concentrations of radon in western states, where smoking tends to
be lower than elsewhere in the country.  Gilbert (1994) further noted that other
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smoking-related cancers are also negatively associated with radon concentration
in Cohen’s data, possibly providing further evidence of confounding.

Conclusions

Although a number of ecologic studies have been published since the BEIR
IV report, the present committee did not find the new evidence to be informative
concerning the risks posed by radon.  The finding of a statistically significant
negative association between radon and lung cancer in Cohen’s analysis of lung-
cancer mortality in the United States was considered to have resulted from inher-
ent limitations of the ecologic method.  That analysis has been widely cited as
weighing against any risk of lung cancer at typical indoor radon concentrations
(White and others 1992; Marcinowski and others 1994).  The finding was consid-
ered to be an inappropriate basis for concluding that indoor radon is not a poten-
tial cause of lung cancer.  We also note that the case-control studies reported to
date, although limited in statistical power, have not yielded evidence of a nega-
tive association between exposure to radon progeny and lung-cancer risk.  The
ecologic studies were also not considered to be an appropriate basis for quantita-
tively estimating lung-cancer risk associated with radon exposure.  Ecologic
regression coefficients can be biased, and extensive individual-level data are
available for estimating risk.

CASE-CONTROL STUDIES

The most-direct evidence of health consequences of radon-progeny exposure
in homes is offered by case-control studies, in which characteristics of lung-
cancer patients are compared with those of control subjects who do not have the
disease.  After age, smoking, and other factors are accounted for, if residential
radon causes lung cancer, it would be expected that the mean of a measure of
exposure of cases would exceed the mean of controls, given proper assessment of
statistical sampling variation.  Exposure measures are usually based on a surro-
gate thought to be correlated with exposure, such as type of home construction, or
on a more-direct correlate, such as measured radon in current and past homes.

Although straightforward in principle, case-control studies of residential ra-
don are burdened with several limitations.  These are discussed later in this
chapter and include in particular an inability to measure radon in current and all
past homes and thereby create an accurate measure of exposure, the lack of an
estimate of radon exposure outside the home, and the relatively small relative risk
(RR) that is expected even for long-term residents of higher-radon homes, which
are not common.  A small RR implies that mean exposures of cases and controls
differ by only a small amount, thus limiting study power.  The detection of an
excess risk of lung cancer is potentially complicated also by an inability to
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control completely for other lung-cancer risk factors, particularly cigarette-smok-
ing, which has an RR of 10-20.

In this section, we review case-control studies, first those which use surro-
gate measures of exposure and then those in which direct measurements of radon
concentration in homes were used.

Studies Using Surrogate Measures of Exposure

Many of the earliest studies of the effects of residential radon exposure relied
on surrogate measures of exposure, such as housing style, for example, the pres-
ence or absence of a basement, the type of construction materials, or the charac-
teristics of the local geology.  Investigators often supplemented their observa-
tional data on houses with direct measurements of radon concentration to validate
their “exposure” classifications.  Table G-5 adapted from Samet (1989), lists the
principal studies that used surrogate measures as the primary source of exposure
classification.  In those studies, measured concentrations were generally posi-
tively correlated with housing characteristics thought to be related to high indoor
radon concentrations.  For example, in several studies conducted in Sweden,
radon measurements were related with their classification scheme whereby wood
houses without basements on normal ground were classified as low-radon houses;
wood houses on alum shale (known to have high radiation emanation rates), stone
houses with basements, and stone houses without basements on alum shale were
classified as high-radon houses; and the remaindor were classified as moderate-
radon houses. But housing type was not always directly related to radon concen-
tration.  In the Stockholm County study by Svensson and others (1989), which
was supplemented by direct radon measurements in houses and reported by
Pershagen and others (1992), measured houses with ground contact classified by
“type of ground” had geometric means of 99, 108 and 153 Bqm–3 for low, mod-
erate and high categories, respectively.

Results of the studies varied, but, the overall pattern of RRs suggests a
positive association between the surrogate measure of radon concentration and
lung-cancer risk, with an RR for the high-radon houses about twice that for the
low-radon houses.  When data were available, results were not materially af-
fected by controlling for smoking.  Because the links between the radon potential
of a house and actual radon concentration and between radon concentration and
individual exposure are uncertain, it is difficult to interpret the RRs in relation to
extrapolations from miners or to studies in which radon concentrations in houses
were measured.

The agreement among the studies that used surrogate measures complicates
their interpretability, in that the results appear more consistent than do results of
studies in which indoor radon was measured directly.  Classification of indoor
radon concentrations based on housing type or building materials might be ex-
pected to be less accurate and to have greater random and systematic errors in
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exposure assessment; as a result, there would likely be greater attenuation of the
observed association and greater variability in the outcomes of the independent
studies.  However, one should not necessarily conclude that studies using surro-
gate measures will be more misclassified than those using actual measurements,
because their error structures differ fundamentally.  There is a possibility that
such might have some advantages.  The ideal study would include both measure-
ments and surrogates, and both should be included in an analysis incorporating
measurement errors.

Results of these studies should therefore be interpreted cautiously.  In addi-
tion, several of the studies had few lung-cancer cases, that often precluded sub-
group analyses, which would permit evaluation of both internal consistency and
consistency among studies.

Studies with Direct Measurements of Indoor Radon

Potentially, the most important source of direct information on the conse-
quences of exposure to indoor radon is epidemiologic studies in which long-term
measurements of radon concentration were carried out.  Several such studies
have been done, and they are described below.  All studies used a case-control
design, in which estimates of radon or radon-progeny exposure of lung-cancer
subjects are compared with estimates of exposure of controls selected from
the same target population as the cases taking account of other factors that
might influence the comparison—such as age, smoking status, and sex—are
accounted for.

Case-control studies that incorporate direct measurement of indoor radon
concentrations have several advantages over ecologic studies and over case-
control studies that use surrogate exposure measures.  Such case-control stud-
ies must be viewed as generally having greater validity for the identification
and ultimately the quantification of an excess risk of lung cancer.  In contrast
with an ecologic study, a case-control study offers a well-defined target popu-
lation, and outcome status is assessed unambiguously.  Direct, long-term mea-
surement of radon in houses permits estimation of exposures specific to indi-
viduals, thereby reducing exposure errors, compared with ecologic studies and
studies that define exposure in terms of house type.  Direct measurement data
permit the reconstruction of historical exposure profiles and the evaluation of
biologically plausible exposure periods.  With direct measurement data, it is
possible to evaluate the consequences of missing data and the effects of vari-
ous imputation approaches.  In addition, measurements from track-etch de-
vices are generally more comparable across countries than are crude classifi-
cations by house type and so allow more valid comparison among studies from
different countries.  Thus, results of ecologic studies are considered non-
informative, results of case-control studies that use surrogate exposure mea-
sures are provocative, and case-control studies with direct, long-term radon
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measurement offer the best opportunity for identifying an excess risk of lung
cancer associated with indoor radon.

New Jersey Case-Control Study of Females

Study subjects.  The radon component of this study was an add-on to a
continuing lung-cancer case-control study of females in New Jersey (Schoenberg
and others 1990; Klotz and others 1993).  The original case group consisted of
1,306 female residents with histologically confirmed lung cancer diagnosed from
August 1982 through September 1983 (see Table G-6).  They were identified
from hospital pathology records and from the New Jersey State Cancer Registry
and death-certificate files.  Data were collected on 994 cases (76%) from 532 in-
person interviews and 462 next-of-kin interviews.

Controls were selected from New Jersey drivers-license file, on those under
age 65 and from Health Care Financing Administration file, on those 65 and over.
For cases with next-of-kin respondents, controls were selected at random from
death certificates, excluding deaths from respiratory disease.  Controls were indi-
vidually matched to cases by race, age, and, for deceased cases, closest date of
death.  A total of 1,449 controls were identified, and interview data were obtained
on 995 women (69%).

Houses to be measured were defined in the study in 2 phases (Table G-7).  In
phase I, a single “index” residence per subject was chosen in which the subject
lived for at least 10 yr in the period 10-30 yr before diagnosis or selection.  In
phase II, the residence criteria were broadened, to add subjects to the radon
component of the study and houses for subjects selected in phase I.  The eligibil-
ity period for the index residence was extended to cover the period 5-30 yr before
diagnosis, and the study enrolled all houses in which a subject resided for 4 yr or
more in the 6 New Jersey counties with high average radon concentrations, or for
7 yr or more in the rest of the state.  Twelve subjects were excluded because their
eligible residences represented less than 9 yr of coverage in the exposure-time
window.  Of the 994 cases and 995 controls with completed interviews in the
original study, 661 cases (66%) and 667 controls (67%) had residences that were
eligible under the expanded phase II criteria.

Data collection.  Subjects or surrogate respondents were interviewed by
trained interviewers.  Study subjects  provided 53% of the interviews, spouses
17%, and other next-of-kin 29%.  Information was obtained on lifetime smoking
history, smoking by other household members, lifetime residential and occupa-
tional histories, and consumption of food high in vitamin A.  Information on
specific addresses of past residences was collected several years after the original
interview through telephone contacts.  During eligible residencies, information
was obtained on house characteristics, including heat circulation and modifica-
tions to the structure or to heating and ventilation.

Methods of radon measurement.  Long-term α-track detectors were deployed
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TABLE G-6 Summary of results of New Jersey female case-control study

Factor Comment

Principal references Schoenberg and others 1990, 1992.
Design Case-control study in females.
Study subjects Cases:  Cases were selected from 1,306 histologically

confirmed lung cancers in females diagnosed in August
1982 through September 1983 throughout the state.  In
original study, 994 women were interviewed: 532 subjects
and 462 next-of-kin.  Cases for the radon analysis were
further restricted by measurement protocol Phases I and II.

Controls:  For living cases, controls were selected randomly
from New Jersey driver’s license files (age < 65 yr) or
Health Care Financing Administration files (age ≥ 65 yr).
For next-of-kin cases, controls were selected randomly from
death certificates that did not mention respiratory disease.
Controls were matched by race, age, and, for deceased
cases, date of death.

Subjects in radon study:  Phase I included subjects who had
lived in a single residence ≥ 10 yr in the period 10-30 yr
before diagnosis or selection; phase II included subjects
who had lived in one or more residences in the period 5-30
yr before.  Phase II added subjects to phase I and added
houses.  Subjects restricted to those with 9 yr of coverage.
Totals of 480 cases and 442 controls were included.

Lung-cancer histology 480 cases: squamous 25.8%; small cell 29.8%;
adenocarcinoma 21.9%; other 22.5%.

Rn-measurement protocol Measurements:  1-yr α track in living area (76%), 1-yr α
track in basement (5.4%), basement and upstairs charcoal
canister (6.5%), upstairs charcoal canister (1.4%).  Canister
below minimal detectable concentrations assigned MDC
concentration.  Apartments above the 2nd floor assigned
0.4 pCiL–1.  Regressions linked basement and canister
measurements to long-term values for living areas.

Missing:  Under phase II eligibility, 74% of cases and 72% of
controls had measurements.

Rn measurements Mean:  Cases, 0.7 pCiL–1; controls 0.7 pCiL–1.
Median:  Cases, 0.5 pCiL–1; controls 0.5 CiL–1.

Rn-exposure estimation Exposure time window: 5-30 yr before the date of case
diagnosis or control selection.

Coverage: Median 22 yr for cases and for controls; 35% of
subjects fully covered.

Imputation for gaps: None for TWA radon exposure; for
cumulative exposure, 0.6 pCiL–1 (22 Bqm–3) was assigned
for missing intervals.

Results Overall:  For categories <1, 1-1.9, 2-3.9, and ≥ 4 pCiL–1,
RRs were 1.0, 1.2, 1.1, and 8.7, with p value for 1-sided
test of linear trend 0.04.  Only 5 cases and 1 control in
highest category.



Copyright © National Academy of Sciences. All rights reserved.

Health Effects of Exposure to Radon: BEIR VI
http://www.nap.edu/catalog/5499.html

EPIDEMIOLOGIC STUDIES IN THE INDOOR ENVIRONMENT 387

TABLE G-7 Distribution of 944 cases and 955 controls in original New
Jersey lung-cancer case-control study by status in radon substudy for Phase I
only and Phase I and II

No. (%) Subjects

Phase I only Phase II only
Status Cases Controls Cases Controls

Included in radon studya 433 (44) 402 (40) 480 (48) 442 (44)
No address-specific informationb 140 (14) 126 (13) 168 (17) 152 (15)
No address met residence criterionc 253 (25) 256 (26) 165 (17) 176 (18)
No radon testing at index addressd 168 (17) 211 (21) 181 (18) 255 (23)

aIndex residence(s) tested for radon with α-track detectors or charcoal canisters.  If index residence
was apartments above the 2nd floor, radon exposure assumed to be < 1 pCiL–1.  Seven cases and 5
controls with complete measurements in phase I or II were excluded because they represented 8 yr or
less of 25 yr exposure history.
bRespondent refused further contact after initial interview, respondent lost to follow-up, respondent
refused address-specific information, or inadequate address-specific information.
cSubject did not meet residence criterion for inclusion in phase I (phase I and phase II).
dIndex residence demolished, refusal by current resident, or no contact with current resident.
Source: Schoenberg and others 1992.

Histology:  Increasing RRs with pCiL–1 only for “other” cell
types; no trend with other histologic types (Lubin and
others 1994).

Smoking:  For RR with pCiL–1 no trend in never-smokers,
increasing RRs for <15 and 15-24 cigarettes/d, and
decreasing trend for ≥ 25 cigarettes/d.

TABLE G-6 Continued

Factor Comment

for 1-yr.  In each dwelling, 1 detector was placed in the living area, usually the
master bedroom, and another in the lowest habitable level, usually the basement.
In addition, 4-d screening measurements were made with the house closed, dur-
ing the heating season, with charcoal canister detectors.  The screening measure-
ments were used primarily as a backup if long-term measurements could not be
completed and to identify homes that required immediate mitigation.  The radon
concentration used for the house was based on the nonbasement primary-living-
area α-track measurement when available (76% of houses).  When it was unavail-
able, the nonbasement radon concentrations were estimated from other measure-
ments in descending order of priority: basement α-track (5.4%), basement charcoal
canister with upstairs canister (6.5%), and upstairs charcoal canister (1.4%).  The
estimates were derived from regression equations based on complete sets of
measurements which also took into account the heating system (forced air versus
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other).  Canister readings below the minimal detectable concentration (MDC)
were assigned the MDC value. Apartments above the 2nd floor (10.6%) were
assigned a value of 14.8 Bqm–3 (0.40 pCiL–1).  Usable measurements were ob-
tained for 480 cases and 422 controls or, 74% and 72%, respectively, of those
eligible under the Phase II criteria.

For analysis, 2 measures of exposure were developed.  The time-weighted
average (TWA) radon concentration was the mean concentration for all houses
measured weighted by the years of residence in the exposure time window of 5-
30 yr.  Cumulative radon exposure was computed as the product of residence
time within the 5-30 yr and  measured radon concentration.  Within the 5-30 yr,
unmeasured houses were assigned a radon concentration of 22.2 Bqm–3 (0.6
pCiL–1), the median concentration of all phase I control houses.

Results.  On the basis of phase II data, the mean residence time within the 5-
30 yr was 22 yr for cases and for controls; 35% of the subjects had radon mea-
surements for all their homes in the exposure period.  The houses in the New
Jersey study had the lowest radon concentration of any of the current case-control
studies;  most of the TWA concentrations were below 37 Bqm–3 (1 pCiL–1).  The
median radon concentration was 18.5 Bqm–3 (0.5 pCiL–1) and was the same for
cases and controls.

Table G-8 shows the RRs for categories of TWA radon concentration ad-
justed for cigarettes per day, cessation of smoking, age, occupation, type of
respondent, and interaction of type of respondent with cigarettes per day
(Schoenberg and others 1992).  RRs were flat and increased only in the highest
category, 148 Bqm–3 (4.0 pCiL–1), which included 5 cases and 1 control.  The p-
value for linear trend was significant at p = 0.05 but was based on a 1-sided,
rather than the traditional 2-sided, test of the null hypothesis.  For this study, it
should be pointed out that 90% CIs were used for RR rather than the more

TABLE G-8 Distribution of cases and controls and adjusted odds ratiosa

(OR) and confidence intervals (CI) by time weighted average (TWA) radon
concentration for the New Jersey case-control study of females

TWA Rn concentration, pCiL-1

<1 1-1.9 2-3.9 ≥ 4 Total P for trend

No. Cases 384 72 19 5 480 —
No. Controls 360 69 12 1 442 —
ORa 1.0 1.2 1.1 8.7 — 0.05b

90% CI (0.8,1.7) (0.6,2.3) (1.3,57.8) — —

aAdjusted for lifetime average cigarettes/d, years since smoking cessation, age, occupation, respon-
dent type, and interaction between respondent type and cigarettes/d.
bOne-sided test of linear trend
Source: Schoenberg and others 1992.
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conventional 95% CIs.  Results for cumulative radon exposure were similar to
those for TWA radon concentration (Schoenberg and others 1992).

Shenyang China Case-Control Study of Females

Study subjects.  Like the New Jersey study, the radon component of this
study was an add-on to an existing lung-cancer case-control study of woman in
Shenyang China (Xu and others 1989; Blot and others 1990).  Potential cases
were female residents of Shenyang, who were 30-69 yr old and were listed in the
Shenyang Cancer Registry with primary lung cancer in September 1985 to Sep-
tember 1987 (Table G-9).  In the full study, 75% of the diagnoses for the female
lung-cancer cases were based on pathologic or cytologic material; histologic
information was available on 73% of all female cases (Xu and others 1989).

A population-based, age-matched control group of women was selected from
the Shenyang general population by using the system of area administrative units
and neighborhood population lists.  Controls were randomly selected in 5-year
age groups to reflect the age distribution of the cases.

The radon component of the study was initiated 6 months after the start of the
original study and, because of budgetary reasons, ended before completion of
case acquisition in the full study.  A total of 397 cases and 391 control subjects
had detectors placed in their houses, representing 95% and 99% of eligible cases
and controls, respectively.

Data collection.  Trained nurses sought personal interviews with the sub-
jects, except for those who were too ill or deceased.  Participation rates were 95%
for cases and 97% for controls.  For most patients, the time between diagnosis
and interview was less than 1 month.  A structured questionnaire was used in an
interview to inquire about smoking by the subject and other household members,
occupation, prior medical conditions, residential history, and housing character-
istics, such as indoor air pollution.  A time-weighted index of lifetime air-pollu-
tion exposure was determined from housing characteristics, including type of
heating, fuel used for cooking, and whether cooking facilities were in a separate
kitchen or combined with living room or bedroom (Xu and others 1989).

Methods of radon measurement.  Two α-track detectors were placed for 1 yr in
the current residence of each case and control; 1 detector was usually in the living
room and 1 in the bedroom.  Nearly all homes were single-story buildings.  For
persons who lived in the current house less than 5 years, a prior Shenyang residence
was tested, provided that it was accessible and the subject had lived there at least 5
years.  Detectors were collected for 308 cases (78%) and 356 controls (91%).

The maximum of the 2 measurements were used in analysis.  Among the
paired measurements, the correlation was 0.52, 77% were within 74 Bqm–3 (2
pCiL–1), and 78% of the ratios of the 2 measurements were less than a factor of 2.

Results.  Among the subjects, the median number of reported residences was
3, the median residence time in the last home was 24 yr, and 76% lived in the
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TABLE G-9 Summary of results for Shenyang, China female case-control
study

Factor Comment

Principal reference Blot and others 1990.
Design Case-control study of females.
Study subjects Cases:  Cases included all female residents of Shenyang,

China, aged 30-69 yr with primary lung cancer diagnosed in
September1985 to September 1987 and listed in the
Shenyang Cancer Registry.  All case diagnoses were
reviewed.

Controls:  Controls were randomly selected in 5-yr age groups
from the general population.

Subjects in radon study:  For the radon component,
ascertainment was delayed 6 mo but included all subjects.
A total of 308 cases and 356 controls had radon
measurements.

Lung-cancer histology 308 cases: squamous, 23.4%; small cell, 12.7%;
adenocarcinoma, 30.8%; other or unknown 31.1%.

Rn-measurement protocol Measurements:  1-yr α-track detectors in living room and in
bedroom of current home.  For those who had lived for < 5
yr in the current home, 1-yr α-track detectors were placed
in the previous residence if it was in Shenyang and
accessible and subject had lived there ≥ 5 yr.

Missing:  Among those eligible, 79% of cases and 91% of
controls had measurements.

Rn measurements Median:  Cases, 2.8 pCiL–1; controls, 2.9 pCiL–1.
Rn-exposure estimation Exposure-time window: 5-30 yr before case diagnosis or

control selection.
Coverage: Median residence in last home was 24 yr, and 76%

lived in measured home ≥ 10 yr.
Imputation for gaps: None; analyzed only measured radon

concentration.
Results Overall:  For categories <2, 2-3.9, 4-7.9, and ≥ 8 pCiL–1, RRs

were 1.0, 0.9, 0.9 and 0.7 and 1.0, 0.7, 1.2, and 0.7 when
analyses were restricted to subjects who lived ≥ 25 yr in
their last residence.

Histology:  RRs for small cell for pCiL–1 categories were 1.0,
1.2, 1.7, and 1.4, but with nonsignificant trend.

Smoking:  Little evidence of a trend in RRs with pCiL–1 in
any smoking category.

Subgroup analyses:  RR patterns were the same within levels
of an index of indoor air pollution or after adjustment.
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measured home for 10 or more.  On the average, subjects lived 66% of their adult
lives in the measured home (Blot and others 1990).  Using the maximum of the 2
radon measurements, the medians were 103.6 Bqm–3 (2.8 pCiL–1) for cases and
107.3 Bqm–3 (2.9 pCiL–1) for controls.

Categories of radon concentration ranged from < 74 Bqm–3 (2 pCiL–1) to 296
Bqm–3 (8.0 pCiL–1) (Table G-10).  The RR for lung cancer adjusted for age,
education, smoking status, and an index of indoor air pollution showed no in-
crease with increasing radon concentration.

In the Shenyang data, cigarette-smoking and indoor air pollution were found
to be significant risk factors for lung cancer for males and females (Xu and others
1989).  Among females, 55% of cases and 35% of controls smoked cigarettes.
The risk was over 9 times as high in women who smoked more than 1 pack/d for
at least 40 yr, as in never-smokers.  For females in the radon component of the
study, the RR pattern with radon concentration was similar, that is, it showed no
increase in never-smokers, light smokers and heavy smokers.

Indoor air pollution was found to increase lung-cancer risk by a factor of 2-
3, depending on the variable analyzed.  The greatest risks were associated with
the use of a coal-burning kang (a brick bed under which heated smoke is passed
through pipes before venting to the outside through a chimney or other opening)
or cooking in the same room as the sleeping quarters.

An air-pollution index was developed to incorporate the type of heating for
the home, the type of cooking fuel, and whether the kitchen and the bedroom
were the same room.  For females, no positive association was found with radon
concentration for low or high categories of the indoor air-pollution index (Blot
and others 1990).

Stockholm, Sweden Case-Control Study of Females

Study subjects.  The methods of the Swedish investigation have been de-
scribed (Pershagen and others 1992) and are summarized in Table G-11.  Women

TABLE G-10 Distribution of cases and controls and adjusted odds ratiosa

(OR) and confidence intervals (CI) by radon concentration in Shenyang, China,
case-control study of females

Radon concentration (pCiL–1)

< 2 2-3.9 4.0-7.9 ≥ 8.0 Total P for trend

Cases 91 131 60 26 308
Controls 95 148 77 36 356
OR 1.0 0.9 0.9 0.7 n.s.
95% CI (0.6,1.3) (0.5,1.4) (0.4,1.3)

aORs adjusted for age, education, smoking status, and an index of indoor air pollution.
Source: Blot and others 1990.
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suspected of having lung cancer on admission in 1983-1985 to the 3 clinical
departments of pulmonary medicine and the only department of thoracic surgery
in Stockholm County were interviewed.  Those later diagnosed as having lung
cancer (210) were classified as cases.

Two control groups were selected. Hospital controls consisted of women
suspected of having lung cancer who were later found not to have it (191), and
population-based controls (209) were obtained from Stockholm County popula-
tion registers. Results were reported for both control groups combined.

Data collection.  Subjects were interviewed by physicians using a structured
questionnaire.  For cases and hospital controls, information was obtained on admis-
sion.  Population controls were interviewed in visits or by telephone.  Information

TABLE G-11 Summary of results of Stockholm female case-control study

Factor Comment

Principal reference Pershagen and others 1992.
Design Case-control study of females.
Study subjects Cases:  Cases (210) included females admitted to the 3

pulmonary departments and the 1 thoracic-medicine department
in Stockholm County in September 1983 to December 1985.

Controls:  Two controls were selected: “hospital” controls (191)
included females suspected to have had lung cancer but found
not to, and population controls (209) selected randomly from
County population registers.

Subjects in radon study:  For the radon analysis, 31 women (5%)
could not be measured, leaving 201 cases and 378 controls
with radon measurements.

Lung-cancer histology 201 cases: squamous, 26.9%; small cell, 25.4%; adenocarcinoma,
34.4%; other 13.4%.

Rn-measurement protocol Measurements:  1-yr α-track detectors in living room and in
bedroom (85.1%) or thermoluminescence detector (TLD) for 1
wk in living room followed by 1 wk in bedroom (14.9%) in  all
homes occupied 2 yr or more since 1945.  TLD values were
then adjusted empirically to link with α-track measurements.

Missing:  2,118 homes fulfilled criteria for measurement; α-track
detectors retrieved from 1,339 homes (63%) and TLD from 234
homes (11%).

Rn measurements Median:  Cases, 3.1 pCiL–1; controls, 2.9 pCiL–1

Mean:  Cases, 3.6 pCiL–1; controls, 3.7 pCiL–1 (Lubin and others
1994).

Rn-exposure estimation Exposure time window: From 1945 to 5 yr before interview.
Coverage: 26.3 yr and 25.3 yr of residence corresponding to 78%

and 77% of the time window.
Imputation for gaps: None for TWA radon concentration; unclear

for cumulative exposure-some analyses set missing to zero, and
some replaced missing with estimates based on housing
characteristics.
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was obtained on smoking, exposure to environmental tobacco smoke, occupational
history, and consumption of foods rich in vitamins A and C.  Also obtained was a
history of all residences in which the subject lived for 2 yr or more since birth or
arrival in Sweden.  The residential history included information on type of house,
building material, and year of construction.  Data from parish registries on past
residences were used to verify and supplement the residential histories.

Methods of radon measurement.  Measurements were sought for all dwell-
ings where the subject resided for 2 years or more between 1945 and the end of
the observation period, 1983-1985.  For cases and hospital controls, the end of the
exposure observation period was 5 years before the date of the study interview;
for the population controls, it was 5 years before the interview of the correspond-
ing case.  Of the 2,118 residences so identified, no measurements could be made
in 27.4%—in 11.2% because the house no longer existed, in 4.4% because the
house was abroad, in 3.2% because the current owner refused, and in 8.6% for
various other reasons (Pershagen and others 1992).

Year-long radon-concentration measurements were made in 1,339 dwellings
with 2 a-track detectors: one in the living room and the other in the bedroom.  In
234 dwellings (15%), measurements were made for 2 weeks during the winter
with thermoluminescence detectors (TLDs) designed by the Swedish Institute of
Radiation Protection.  A TLD was placed in the living room for 1 week, then
moved to the bedroom for another week.  The 2 methods gave readings that had
correlations above 0.8, although the TLD values were higher on the average,
reflecting decreased ventilation in the colder months and the greater likelihood of
their placement in areas of high-radon ground emanation (Svennson and others
1989).  For analyses, TLD values were adjusted empirically to reflect α-track
detector concentrations (Svensson and others 1988).  The radon concentration
assigned to a house was either the mean of the 2 α-track readings or the adjusted
TLD reading.

Two measures of exposure were developed for analysis.  The TWA radon
concentration was the mean concentration for all houses measured weighted by
the years of residency in the exposure window from 1945 to 5 years before
enrollment.  Cumulative radon exposure was computed as the product of resi-
dency time in the exposure window and measured radon concentration.  The
handling of missing measurements in the calculation of cumulative radon expo-
sure was unclear.  It appears that missing measurements were sometime set to
zero and that “in certain analyses, missing radon measurements were replaced by
estimates based on dwellings actually measured and information from the inter-
view questionnaire on type of house, building material, and year of construction”
(Pershagen and others 1992).  Specific details were not provided.

Results.  For cases and controls, the mean times covered by measurement
data were 26.3 years and 25.3 years and represented 78% and 77% of the relevant
period, respectively.  For the subjects, median radon concentrations were 114.70
Bqm–3 (3.1 pCiL–1) for cases and 107.3 Bqm–3 (2.9 pCiL–1) for controls.
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Results show a significant increase in RRs with increasing TWA radon
concentration (Table G-12).  The p value for trend was 0.05.  As indicated by
Pershagen and others and expanded on in the pooled analysis by Lubin and others
(1994a), the significance of the test for trend depended on the cut points and on
the quantitative value used.  The p value of 0.05 computed by Pershagen and
others (1992) used the median for each category as the quantitative trend vari-
able, whereas Lubin and others computed the p value as 0.46 by using the con-
tinuous value for radon concentration.  The former approach minimized the im-
pact of extreme values; the latter approach eliminates the arbitrariness of
categorization.  The trend of increasing RR was reduced when adjusted for occu-
pancy or when exposure 15 years and more before was given half the weight in
line with results of miner studies.  These differences highlight the need to inter-
pret the Stockholm results with caution.

Because of the small number of cases, the trends in the RR with level of
radon concentration were probably statistically homogeneous by histological type,
although no formal assessment was done.  However, the gradient of increase
appeared greater for squamous cell and small cell carcinomas (Pershagen and
others 1992).

Similarly, there was no statistical evaluation of the joint association of radon
concentration and smoking status; however, the trend appeared slightly greater in
never-smokers than in ever-smokers.

TABLE G-12 Distribution of cases and controls and adjusted odds ratiosa

(OR) and confidence intervals (CI) by radon concentration for the Stockholm
case-control study of females

Radon concentration (pCiL-1)

< 2 2-2.9 3.0-4.0 ≥ 4.1 Total P for trend

Cases 43 59 38 61 201
Controls 89 113 76 100 378
OR 1.0 1.2 1.3 1.7 0.05b

95% CI (0.7,2.1) (0.7,2.3) (1.0,2.9)
ORc 1.0 1.5 1.6 1.5 0.19
95% CI (1.0,2.4) (0.9,2.7) (0.6,3,4)
ORd 1.0 1.4 1.2 1.3 0.65
95% CI (0.9,2.3) (0.7,2.1) (0.6,3.1)

aORs adjusted for age, smoking, and municipality of residence.
bFor test of linear trend using category means, P = 0.05; using continuous exposure, P = 0.46.
cExposure adjusted for occupancy.
dExposure adjusted for BEIR IV weighting, exposures 5-15 yr before given full weight, exposures ≥
15 yr before given 0.5 weight
Source: Pershagen and others 1992.



Copyright © National Academy of Sciences. All rights reserved.

Health Effects of Exposure to Radon: BEIR VI
http://www.nap.edu/catalog/5499.html

EPIDEMIOLOGIC STUDIES IN THE INDOOR ENVIRONMENT 395

Swedish National Case-Control Study

Study subjects.  This study, the largest to date, relied on various national data
files for the identification of subjects for the study (Pershagen and others 1994).
The study is summarized in Table G-13.  The study base was defined as all
subjects 35-74 years old who had lived in any of 109 municipalities in Sweden at
some time from January 1980 through December 1984 and who had been living
in Sweden on January 1, 1947.  The municipalities were selected to include areas
suspected of having homes with high and low radon concentrations on the basis
of measurement data or geologic and other information.  Municipalities with
mining activities and the large cities of Stockholm, Göteborg and Malmö were
not included.

Using Swedish Cancer Registry files, cases included subjects diagnosed with
primary lung cancer in 1980-1984.  All 650 women and a radon sample of 850
men (about 40% of all men with lung cancer) were identified.  After excluding
those not in the study base, a total of 1,360 cases were enrolled 586 females and
774 males.

Two control groups were defined by using the population registers of Sta-
tistics Sweden.  One control series consisted of a radon sample of women
frequency-matched in 5-year age categories and  calendar year of residence to the
case group and included 1,424 subjects—730 women and 694 men.  A second
control group was selected by matching on age and calendar year and on vital
status.  Deceased controls were ascertained from the Swedish Cause of Death
Registry, excluding subjects who had died of smoking-related diseases (cancer of
the mouth, esophagus, liver, pancreas, larynx, or uterine cervix or bladder; is-
chemic heart disease; aortic aneurysm; cirrhosis of the liver; chronic bronchitis
and emphysema; gastric ulcer; violent causes; or intoxication).  In the second
control group, there were a total of 1,423 subjects—650 women and 773 men.

At the time of selection on December 31, 1986, about 90% of the cases and
of the second control group had died; about 9% of subjects in the first control
group had died.

Data collection.  All subjects or their next of kin were mailed a standardized
questionnaire.  Information was collected on smoking habits of the subject, and
their spouses and parents and on lifetime occupational and residential histories
since 1947.  Residential history included information on type of house, building
material, heating system, and time spent at home.  For incomplete questionnaires
or nonrespondents, telephone interviews were attempted.  Data from parish regis-
tries on past residences were used to supplement residential histories from ques-
tionnaires.

Methods of radon measurement.  Measurements were sought for all dwell-
ings where a subject resided for 2 years or more between 1947 and 3 years before
the end of the observation period, defined as year of diagnosis for the case and
calendar year of selection for the controls.  Of a total of 13,392 residences,



Copyright © National Academy of Sciences. All rights reserved.

Health Effects of Exposure to Radon: BEIR VI
http://www.nap.edu/catalog/5499.html

396 APPENDIX G

TABLE G-13 Summary of results of Swedish national case-control study

Factor Comment

Principal reference Pershagen and others 1994.
Design Case-control study of females and males.
Study subjects Cases:  A total of 1,500 subjects 35-74 yr old with primary

lung cancer diagnosed in January 1980 to December 1984
were selected from the Swedish Cancer Registry, including
all 650 females and 850 males.  After various exclusions,
586 females and 774 males remained.

Controls:  Two controls were selected: 1 control group (730
females and 694 males) derived from a randomly selected
sample from population registers, frequency matched on
age to the cases; and 1 control group (650 females and 773
males) similarly selected and matched by vital status
against the Swedish Cause of Death Registry.

Subjects in radon study:  For the radon analysis,
measurements were not obtained on 27.4% of the homes.
A total of 1,281 cases and 2,576 controls were included.

Lung-cancer histology 1,281 cases: squamous, 33.1%; small cell, 23.1%;
adenocarcinoma, 26.9%; other or unknown 16.8%.

Rn-measurement protocol Measurements:  3-mo α-track detectors in living room and in
bedroom in all homes occupied 2 or more years since 1947.

Missing:  12,394 homes fulfilled criteria for measurement;
α-track detectors were retrieved from 8,992 homes (73%).

Rn measurements Median: 1.5 pCiL–1.
Rn-exposure estimation Exposure time window: From 1947 to 3 yr before end of

followup diagnosis for cases or matched date of selection
for controls.

Coverage: 23.5 yr and 23.0 yr of residence corresponding to
72% and 71% of the exposure-time window.

Imputation for gaps: None for TWA radon concentration;
unclear for cumulative exposure—some analyses set
missing to median concentration, and some replaced
missing with estimates based on housing characteristics.

Results Overall:  For categories < 1.4, 1.4-2.1, 2.2-3.8, 3.8-10.8, and
≥ 10.8 pCiL–1, RRs were 1.0, 1.2, 1.0, 1.3, and 1.8, with a
P value for test of trend < 0.05.

Histology:  RR trends showed no difference by cell type.
Smoking: No difference in RR trend greatest by smoking

status, in contrast with the authors’ view.
Subgroup analyses:  RR trend occurred only for subgroup that

reportedly did not sleep near an open window; no trend was
observed in those who sleep near an open window.
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addresses could not be identified for 7.5%.  Of the remaining 12,394 residences,
27.4% could not be measured, usually because they no longer existed or because
they were used only as summer houses (Pershagen and others 1994).  In all, 73%
of identified homes (8,992) were measured.

Three-month radon measurements were made during the heating season—
from October 1 to April 30—with α-track detectors, which were processed by the
Swedish Radiation Protection Institute.  Two detectors were used: one in the
living room and the other in the bedroom.  For analyses, the mean of the 2 values
was assigned to the residence.  The authors estimate that the winter measure-
ments might be 10-20% higher than yearly values, although the basis for this
estimate is not provided.

Cumulative radon exposure since 1947 was estimated by multiplying the
measured radon concentration concentration and the length of residency in each
home.  For each subject, TWA radon concentration was calculated by dividing
cumulative radon exposure by the total residential time covered by radon mea-
surements.  Missing measurement time was not included; in effect the concentra-
tion and duration during those times were zero.  For some analyses, imputation of
missing measurement data was accomplished by replacing the missing data with
the median radon concentration for all subjects or values adjusted to reflect
residential characteristics (Pershagen and others 1994).

Results.  Results were presented for males and females combined.  There
were a totals of 1,281 cases and 2,576 controls.

Radon measurements covered 23.5 years and 23.0 years of the exposure time
for cases and controls, representing 72% and 71% of the intended period, respec-
tively.  For individuals, the median TWA radon concentration was 55.5 Bqm–3

(1.5 pCiL–1).
Results show a significant increase in RR with increasing radon concentra-

tion (Table G-14).  The RR patterns appeared similar by cell type.  For the 5
categories shown in Table G-14 RRs were: 1.0, 1.2, 1.3, 1.5, and 1.7 for squa-

TABLE G-14 Distribution of cases and controls (males and females
combined) and adjusted odds ratiosa (OR) and confidence intervals (CI) by
radon concentration for the Swedish national case-control study

Radon concentration (pCiL–1)

<1.4 1.4-2.1 2.2-3.8 3.8-10.8 ≥310.8 Total P for trend

Cases 452 268 272 246 43 1,281
Controls 952 561 568 436 59 2,576
OR 1.0 1.1 1.0 1.3 1.8 <0.05
95% CI (0.9,1.3) (0.8,1.3) (1.1,1.6) (1.1,2.9)

aORs adjusted for age, occupation, sex, smoking status, and urban compared with nonurban resi-
dence.
Souce: Pershagen and others 1992.
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mous cell carcinomas; 1.0, 0.9 1.1, 1.2, and 2.8 for small cell carcinomas; and
1.0, 1.1, 1.0, 1.4, and 2.3 for adenocarcinomas.  Differences in RRs for the
highest category could have arisen by chance, in as much as the category in-
cluded only 11, 15, and 12 squamous, small cell, and adenocarcinoma cases,
respectively.

RR patterns were also similar by smoking status.  For categories of radon
concentration shown in Table G-14, RRs were: 1.0, 1.1, 1.0, 1.5, and 1.2 for
never-smokers; 1.0, 0.9, 1.2, 1.7, and 0.4 for ex-smokers; 1.0, 1.0, 1.0, 1.2, and
4.0 for current smokers consuming fewer than 10 cigarettes/d; and 1.0 0.9, 0.9,
1.2, and 2.6 for current smokers consuming at least 10 cigarettes/d.  RRs in the
highest radon concentration category were based on 5, 1, 12, and 16 lung-cancer
cases for never-smokers, ex-smokers, and current smokers of fewer than 10 and
at least 10 cigarettes/d, respectively.

Pershagen and others found that the RR trend with radon concentration
increased for those who reportedly sleep with their bedroom windows closed, but
the trend disappeared for subjects who reported sleeping next to an open window.
Those patterns of risk are difficult to interpret.  Sleeping next to an open window
is not itself a risk factor for lung cancer.  Furthermore, the radon concentration of
a bedroom with an open window will be reflected in a reduced radon measure-
ment.  Subjects or next of kin were interviewed about sleeping practices many
years after disease occurrence.  The relationship between the radon measurement,
the current practice of sleeping with an open window, and whether the case or
control subject slept with an open window at the time of enrollment is uncertain,
particularly in homes that no longer were occupied by the subjects or their
spouses.  Effects of errors in exposure estimation might also play a role in the
observed RR patterns.  Control data suggest that in this age group about 70% of
the population sleep with closed windows.  Among subjects who sleep with an
open window, measurements in homes, particularly former homes, are more
likely to occur with owners who sleep with closed windows, thereby adding to
error in exposure estimation and obscuring exposure-response effects.  Among
subjects who sleep with windows closed, measurements in former homes are
more likely to occur with closed windows; however, for owners who sleep with
open windows, there is a systematic (nondifferential) under estimation of expo-
sure, a condition that can induce an increase in the trend of the exposure-response
relation (Dosemeci and others 1990).  No data on sleeping next to an open
window were obtained at the time of the radon measurement.  Further conclu-
sions regarding sleeping with an open window are problematic, in that other
studies have not considered the issue.

Winnipeg Case-Control Study

Study subjects.  This study, summarized in Table G-15, was a case-control
study of lung cancer in males and females in Winnipeg, Canada.  In Létourneau
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TABLE G-15 Summary of results of Winnipeg, Canada, case-control study

Factor Comment

Principal reference Létourneau and others 1994.
Design Case-control study of males and females.
Study subjects Cases:  Cases included all residents of Winnipeg, Canada 35-

80 yr old with histologically confirmed, primary lung
cancer diagnosed in September 1983 to September 1990
and listed with the provincial cancer-incidence registry.

Controls:  Controls were randomly selected from the
Winnipeg telephone directory and individually matched on
age within 5 yr and sex.

Subjects in radon study:  A total of 759 pairs were assembled.
After exclusion for misdiagnosis or improper control
selection, 738 case-control pairs were enrolled.  257 cases
and 78 controls had proxy interviews.

Lung-cancer  histology 738 cases: squamous, 31.4%; small cell, 15.9%;
adenocarcinoma, 32.9%; other 19.8%.

Rn-measurement protocol Measurements:  Two sequential 6-mo α-track detectors in the
bedroom and two in the basement of up to 3 homes in the
Winnipeg metropolitan area.  For apartments, only bedroom
measurements were made.  Yearly values were taken as the
mean of the 2 measurements.

Missing:  Subjects had a mean of 5 homes in the Winnipeg
area; attempts were made to measure 3 homes. 7,318 homes
were eligible, and 4,448 were measured (61%).

Rn measurements Mean:  For bedrooms: cases, 3.1 pCiL–1; controls, 3.4 pCiL–1.
For basements: cases, 5.1 pCiL–1; controls, 5.6 pCiL–1.

Rn-exposure estimation Exposure time window: Two windows defined: 5-30 yr and 5-
15 yr before date of case diagnosis or control selection.

Coverage: About 67% of 5 to 30 yr window and 80% of 5 to
15 yr window.

Imputation for gaps: For cumulative exposure, used mean
concentration for Winnipeg (3.3 in the living area and 5.3
in the basement).

Results Overall:  For categories (estimated from cumulative exposure)
<1.9, 1.9-3.9, 3.9-7.8, and ≥ 7.8 pCiL–1, RRs were 1.0, 1.0,
0.8, and 1.0 for the 5 to 30 yr window and 1.0, 1.0, 0.8,
and 1.0 for the 5 to 15 yr window.

Histology:  RRs similar and show no increased risk with
exposure by cell type.

Smoking:  Smoking patterns were used only for adjustment;
no evaluation of effect modification of radon RRs was
conducted.

Subgroup analyses:  Data on occupational exposures were
used only for adjustment; no evaluation of effect
modification of radon RR was conducted.



Copyright © National Academy of Sciences. All rights reserved.

Health Effects of Exposure to Radon: BEIR VI
http://www.nap.edu/catalog/5499.html

400 APPENDIX G

and others (1994), cases were histologically confirmed primary lung-cancer cases
diagnosed between the ages of 35 and 80 years and, listed in the provincial
cancer-incidence registry maintained by the Manitoba Cancer Treatment and
Research Foundation for 1983-1990.  All patients were residing in Winnipeg at
the time of diagnosis.  Controls were individually matched to cases on age within
5 years and on sex and were identified through the Winnipeg telephone directory.

A total of 759 matched pairs were initially identified.  When cases that did
not have primary lung cancer or had improperly matched controls were excluded,
a total of 738 pairs remained for analysis.

Data collection.  Information from in-person interviews was collected on
demographic characteristics, education, and smoking practices and on detailed
residential history.  The questionnaire also incorporated a detailed occupational
history, including information on specific job exposures.

Methods of radon measurement.  There was a mean of 9 homes per subject,
of which 5 were in the Winnipeg metropolitan area.  It was not clear whether
these means reflect lifetime residency or residencies in an exposure-time win-
dow.  Radon was measured in 3 of these homes, although it was not clear pre-
cisely what criteria were used to select homes.  The authors identified a total of
7,745 homes to be measured.  This number was reduced for homes that had been
occupied for less than 1 year (6%), for refusals (11%), for homes that no longer
existed, were commercial institutions, or could not be located (24%), or where
the dosimeter was lost or damaged (2%).  Radon measurements were obtained for
4,448 homes (57%).

Year-long monitoring of the bedroom and, if there was one, the basement
was undertaken.  The basement was selected to provide the maximal possible
residential exposure.  Year-long monitoring was achieved through the sequential
placement of two 6 mo detectors.

The detectors were developed and calibrated in house by laboratories of the
Bureau of Radiation and Medical Devices in the Department of National Health
and Welfare.  Although the in-house calibration might affect comparisons with
other studies in overall mean radon concentration, it should have no effect on the
evaluation of trends in the exposure-response relation.

Two exposure windows were defined: 5-30 yr and 5-15 yr before the date of
enrollment in the study.  For estimation of cumulative radon exposure, imputa-
tion of missing measurements used the mean concentration in living areas [122.10
Bqm–3 (3.3 pCiL–1)] or in basements [196.10 Bqm–3 (5.3 pCiL–1)].

Results.  Available radon measurements covered about 67% and 80% of the
exposure windows of 5-30 yr and 5-15 yr, respectively.  For cases and controls
mean radon concentrations were 114.7 Bqm–3 (3.1 pCiL–1) and 125.8 Bqm–3 (3.4
pCiL–1) for bedrooms and 188.7 Bqm–3 (5.1 pCiL–1) and 207.2 Bqm–3 (5.6
pCiL–1) for basements, respectively.

Preliminary analysis revealed that cases were significantly less educated
than controls and somewhat less likely to be born in Canada, although almost
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TABLE G-16 Distribution of cases and controls and adjusted odds ratiosa

(OR) and confidence intervals (CI) by radon concentration in Winnipeg,
Canada, case-control study (concentration level estimated from cumulative
exposure)

Radon concentration (pCiL–1)

< 1.9 1.9-3.9 3.9-7.8 ≥ 7.8 Total P for trend

Cases 92 488 118 40 738
Controls 84 453 153 48 738
OR 1.0 1.0 0.8 1.0 n.s.
95% CI (0.6,1.5) (0.5,1.4) (0.7,1.5)

aORs adjusted for education and smoking with analyses matched on age and sex.
Source:  Létourneau and others 1994.

80% of the subjects were born in Canada.  All analyses were adjusted for educa-
tion and smoking status; age and sex were adjusted through the study matching.
Table G-16 shows that there was no trend in the RRs with increasing TWA radon
concentration in the bedrooms.  Similar results hold for basement measurements.
The results were similar when cases were restricted by histologic type.

Missouri Case-Control Study of Nonsmoking Females

Study subjects.  The Missouri study was a population-based case-control
study of white non-smoking woman, defined as lifelong never-smokers or former
smokers who ceased 15 yr or more before interview (Alavanja and others 1994).
The study is summarized in Table G-17.  Among former smokers, the median
time since smoking cessation was 24 yr.  Cases were women 30-84 yr old with
primary lung cancer who were reported to the Missouri Cancer Registry from
June 1, 1986, to June 1, 1991.  After exclusion of ineligible cases, interviews
were completed on 618 cases.  Radon measurements were obtained for 538 cases
(83%); measurements were not obtained for 80 cases because of refusal, homes
that were out of state or destroyed, or other reasons.  Although all cases were
confirmed when diagnosis was reported to the registry, a separate panel of ex-
perts was established to review available slides; 409 of the 538 cases (76%) were
reviewed.

A population-based control sample of white nonsmoking women was ran-
domly selected by using Missouri state driver’s license files (age 30-64 yr) or
files of the Health Care Financing Administration (age 65-84 yr).  The controls
were selected to match the age distribution of cases in 5-yr categories.  Of the
1,527 controls who satisfied enrollment criteria, 1,402 (92%) agreed to an inter-
view and 1,183 (77%) had at least one valid year-long α-track measurement.

Data collection.  An initial telephone questionnaire was used to screen eli-
gible subjects.   If a subject agreed to participate, a telephone-interview survey
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TABLE G-17 Summary of results of Missouri case-control study of female
never-smokers

Factor Comment

Principal reference Alavanja and others 1994.
Design Case-control study of female never-smokers and long-term

former smokers.
Study subjects Cases: 618 women 30-84 yr old with primary lung cancer

listed with the Missouri Cancer Registry an June 1, 1986,
to June 1, 1991, who never smoked or were long-term
former smokers.

Controls:  Population-based controls (1,527) selected from
state drivers-license files or files of the Health Care
Finance Administration, frequency matched by age.

Subjects in radon study: After refusals and other exclusions,
538 cases (87%) and 1,183 controls (78%) had at least 1
home in the 5-30 yr before enrollment measured for radon.

Lung-cancer histology A histologic review, separate from registry notification, was
conducted.  From 409 cases, there were 262
adenocarcinomas (53.5%); other cell types were not
reported.

Rn-measurement protocol Measurements: 1-yr α-track detectors in kitchen and in
bedroom in all homes in Missouri occupied 1 yr or more
from 5-30 yr before date of enrollment.

Missing:  Radon measurements available for 74% of identified
dwellings.

Rn measurements Mean and median: Case and control values were the same, 1.8
pCiL–1 (mean) and 1.4 pCiL–1 (median).  About 7% had
homes above 4 pCiL–1.

Rn-exposure estimation Exposure-time window: 5-30 yr before to case incidence or
control interview.

Coverage: Mean 20 yr of residence corresponding to 78% of
the exposure-time window.

Imputation for gaps: None for TWA radon concentration;
missing values for cases and controls replaced with means
all cases and controls, respectively.

Results Overall:  For quintile categories < 0.8, 0.8-1.2, 1.2-1.7, 1.7-
2.5, and ≥ 2.5 pCiL–1, RRs were 1.0, 1.0, 0.8, 0.9, and 1.2,
P value for trend, 0.99 with continuous value for test and
0.19 with category means.

Histology:  RR showed a suggestive trend with
adenocarcinoma cell type; P value for trend was 0.31 with
continuous and 0.04 with categoric radon values.

Smoking: No difference in RR trend with radon concentration
for never-smokers or former smokers.

Subgroup analyses:  Suggestive RR trend (P = 0.06) for data
restricted to in-person interview.  Since measured quantity,
reason for differences uncertain.
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obtained information on demographic factors, occupational history, lifetime pas-
sive smoking, previous active smoking, diet, and previous diseases, and a de-
tailed residential history.

Methods of radon measurement.  For each subject, radon was measured in all
homes in the state of Missouri occupied for at least 1 yr during the 30 yr before
enrollment.  One year-long α-track detector was placed in the bedroom and one
in the kitchen.  Every 3 mo, subject’s homes were checked to see whether the
dosimeters were still in place.  Quality control procedures—blind inclusion of
blank and spiked dosimeters and duplicate detectors—suggested excellent valid-
ity in the measurement protocol.  A small subsample of 3-mo winter measure-
ments had a mean value twice the year-long readings.

The time-weighted radon concentration was computed for each subject by
using all available measurement data; gaps in the exposure window were ignored.
Cumulative radon exposure was estimated for an exposure window of 5-30 yr
before lung-cancer incidence for cases and before interview for controls.  Miss-
ing values for cases or controls were set to the mean radon concentration data for
cases or controls, respectively.

Questionnaire data revealed that the subject occupancy factor was 84%.  No
special adjustment for occupancy was carried out.

Results.  An average of about 20 yr of occupancy in the exposure period of 5-
30 yr was covered by measurement data, 78% of the residency time.  Mean and
median radon concentrations were the same for cases and for controls: 66.6
Bqm–3 (1.8 pCiL–1) and 51.8 Bqm–3 (1.4 pCiL–1), respectively.

RR results were presented by categories defined by quintiles; the mean for
the highest radon-concentration category was 151.7 Bqm–3 (4.1 pCiL–1).  Table
G-18 shows no increase in age-adjusted RR with increasing radon concentration.
The RRs were adjusted only for age, but the pattern was unaffected by further
adjustment of RRs for previous smoking, pack-years of smoking, previous lung
disease, education, or intake of saturated fat.

TABLE G-18 Distribution of cases and controls (males and females
combined) and adjusted odds ratiosa (OR) and confidence intervals (CI) by
quintiles of radon concentration in Missouri case-control study of female
never-smokers

Radon concentration (pCiL–1)

< 0.8 0.8-1.2 1.2-1.7 1.7-2.5 ≥ 2.5 Total P for trend

Cases 112 112 93 99 122 538
Controls 233 242 233 252 223 1,183
OR 1.0 1.0 0.8 0.9 1.2 0.19
95% CI (0.7,1.4) (0.6,1.2) (0.6,1.2) (0.9,1.7)

aORs adjusted for age.
Source: Alavanja and others in review.
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There was no RR trend with exposure within age categories or smoking
status.  Limiting cases to the 262 women with an adenocarcinoma cell type
resulted in a suggestive RR trend.  RRs for the 5 radon-concentration categories
of Table G-18 were 1.0, 1.4, 1.1, 1.2, and 1.7; the p value for the test of linear
trend was 0.04 when mean values for each category were used and 0.31 when
continuous radon concentration.

Finnish Case-Control Study (Finland I)

Study subjects.  A population-based case-control study (denoted Finland I) of
lung cancer in men was conducted in southern Finland in 19 municipalities.  As
of 1980, about 65,000 males lived in these areas (Ruosteenoja 1991).  The study
is summarized in Table G-19.  Cases consisted of lung cancers diagnosed in men
in the designated municipalities in 1980-1985.  In the period 1980-1982, cases
were identified from the Finnish Cancer Registry; the more-recent cases were
accrued directly from the records of hospital that diagnose and treat lung cancer.
A total of 291 cases were available for study.

Controls were a random sample of all men in the Finnish Population Registry
files who were living in the designed area on January 1, 1980.  Controls were
frequency-matched to the age profile of the cases.  Controls were then sent a mail
questionnaire to obtain information on tobacco use.  From the returned question-
naires (91%), controls were further selected to match the smoking proportions of
the cases; 10% never-smokers, 10% ex-smokers who quit before 1979, and 80%
current smokers or recent ex-smokers.  A total of 495 controls were enrolled into
the study: 50 never-smokers, 50 ex-smokers, and 395 current smokers.

Data collection.  In-person interviews were conducted for cases and controls
or, if they were deceased, with their next of kin.  Information was collected on
residential history, house type, smoking, education, and occupation.

Methods of radon measurements.  The Finnish Centre for Radiation and
Nuclear Safety conducted measurements of indoor radon concentrations in all
dwellings occupied for 1 yr or more since 1950; α-track detectors were placed for
2 mo in the winter between November 1, 1986 and April 30, 1987.

For analysis, an exposure window was defined as the 25-yr period from 1950
to 1975.  For homes that could not be measured, a regression equation developed
by Mäkeläinen and others (1987) that accounted for housing type and other
factors was applied to estimate radon concentration.  For dwellings higher than
the ground floor, radon concentration was assigned the value 51.8 Bqm–3 (1.4
pCiL–1).  Two radon measures were calculated: the TWA radon concentration
based on available measurements and a TWA radon concentration for the entire
25-yr period based on measured and estimated concentrations.

Results.  A total of 238 cases and 434 controls were available for analysis
after exclusion for nonresponse to interview or inability to locate the subject.  At
the time of interview, 88% of cases and 21% of controls were deceased.
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TABLE G-19 Summary of results of the Finnish case-control study

Factor Comment (1991)

Principal references Ruosteenoja 1991, Ruosteenoja and others 1996.
Design Case-control study of males.
Study subjects Cases:  238 males with primary lung cancer diagnosed in 19

municipalities in Finland 1980-1985.  For 1980-82 cases
obtained from the Finnish Cancer Registry; from 1983-
1985 cases from records of treatment hospitals.

Controls:  Population-based sample of mean living in 19
municipalities on January 1, 1980, frequency matched by
age category.  With information on smoking from a mail
questionnaire, a random sample of 10 never-smokers, 10
ex-smokers and 395 current smokers was selected to serve
as controls.

Lung-cancer histology 238 cases: 91 (38.2%) squamous cell, 61 (25.6%) small cell,
18 (7.6%) adenocarcinomas, and 68 (28.6%) other or
unknown.

Rn-measurement protocol Measurements:  2-mo α-track detectors in the living room or
bedroom in all homes occupied 1 yr or more 1950-1975.

Missing:  Radon measurements available for 50% of identified
dwellings; and at least 1 measurement available for 76% of
subjects.

Rn measurements Mean or median:  Not provided, but quintile cut-points
indicate that 40% and 20% have concentrations above 4.7
and 7.4 pCiL–3, respectively.

Rn-exposure estimation Exposure-time window: 25 yr between 195 to 75 or 5-10 y
prior to case incidence or control interview.

Coverage: Mean 20 yr of residence corresponding to 78% of
the exposure-time window.

Imputation for gaps: For TWA radon concentration, missing
values were estimated on basis of regression of housing
type, municipality and other factors.

Results Overall:  For quintile categories < 2.2, 2.2-3.4, 3.4-4.7, 4.7-
7.4, and ≥ 7.4 pCiL–1, RRs were 1.0, 1.1, 1.7, 1.9, and 1.1;
and the P value for trend was not significant.

Smoking: Little effect of adjustment in pattern of RRs with
radon concentration.

Subjects resided in a total of 1,393 homes during the 1950-1975 period and
indoor radon measurements were conducted in 696 homes (50%).  Radon mea-
surements in at least one house were obtained for 171 cases (72%) and 342
controls (79%); in this subgroup, the mean residency time covered by measure-
ment data was about 20 yr or about 80% of the exposure window.

It was not entirely clear, but there seemed to be little difference in results
between TWA radon-concentration measures.  The distribution of cases and
controls by category concentration was not provided by the author; however,
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RRs, adjusted for age and smoking, for 5 categories based on quintiles were 1.0,
1.1, 1.7, 1.9, and 1.1 (Ruosteenoja 1991).

Finnish Case-Control Study (Finland II)

Study subjects.  Subjects for this case-control study, denoted Finland II, were
selected from a subset of records of the Finnish Population Registry on persons
living in the same single-family house (called the index dwelling) from January
1, 1967, or earlier to the end of 1985 (Auvinen and others 1996).  Cases eligible
for the study consisted of all persons with lung cancer diagnosed from January 1,
1986, to March 31, 1992, that were listed with the Finnish Cancer Registry.  A
total of 1,973 cases were identified.  One control for each case was selected,
matched by birth year and sex.  The control had to be alive at the time of the
diagnosis of the case.  The investigators selected additional controls when pos-
sible, and a total of 2,885 controls were identified.  There were 1,644 (83%)
deceased cases and 326 (11%) deceased controls.  The study is summarized in
Table G-20.

Data collection.  In September 1992, a mail questionnaire was sent to sub-
jects or their next of kin.  Information was obtained on residential history, smok-
ing habits and occupational exposures.  Information was also obtained on the
daily number of hours spent indoors in the 1960s and 1970s.  Response rates for
the mail questionnaire were 55% for cases and 54% for controls.

Methods of radon measurement.  One-year measurements with track-etch
devices were undertaken for all subjects for their index dwelling.  In the winter of
1992-1993, residents were mailed a detector and instructed to place it in a bed-
room or living room.  The detectors were returned the next winter.  Houses were
excluded for a number of reasons, the most common being the building of new
houses on the same locations as index dwellings, uncertain dates of construction,
measurements of less than 150 days, uninhabitation, and extensive renovation.
About 20% of houses were excluded for those reasons.

The authors estimated the relative precision of the 1-yr measurements as
±20% for concentrations below 50 Bqm–3 and ±15% for concentrations above
400 Bqm–3, with a systematic bias of less than 10%.

Results.  After exclusions for incomplete questionnaires and missing radon
measurements, data were available on 1,055 cases and 1,544 controls.  The study
had originally been designed as an individually matched study, so results were
presented only for analyses restricted to 517 case-control pairs.  However, the
authors state that unmatched results based on all available data were similar to the
results from the matched analysis.

The mean radon concentrations were 103 Bqm–3 for cases and 96 Bqm–3 for
controls; the median was 67 for both groups.  The median occupancy times were
similar, 11.5 h/d for cases and 11.7 h/d for controls.

Median residence times in the index house were 37 yr for cases and 35 yr for



Copyright © National Academy of Sciences. All rights reserved.

Health Effects of Exposure to Radon: BEIR VI
http://www.nap.edu/catalog/5499.html

EPIDEMIOLOGIC STUDIES IN THE INDOOR ENVIRONMENT 407

TABLE G-20 Summary of results of Finland-II case-control study

Factor Comment (1991)

Principal reference Auvinen and others 1996.
Design Case-control study of males and females.
Study-subjects Subjects were selected from the Finnish Population Registry

of persons living in the same single-family house from
January 1, 1967, or earlier until the end of 1985.

Cases: All lung cancers diagnosed from January 1, 1986, to
March 31, 1992, listed with the Finnish Cancer Registry;
1,973 cases were identified.

Controls: For each case, subject was matched by birth year
and sex and alive at the time of the diagnosis of the case.
Additional controls were selected when possible, and a
total of 2,885 controls were identified.  For the matched
analysis, 517 pairs were available.

Lung-cancer histology Histologic or cytologic confirmation was available on 92% of
cases.  In the final series, the distribution was 36%
squamous, 14% small cell, 13% adenocarcinoma, 9% other,
and 28% undefined.  Sex distribution was not provided.

Rn-measurement protocol Measurements: One α-track detector was mailed to each
subject with instructions for it to be placed in the bedroom
or the living room.

Missing: About 20% of houses (subjects) were excluded due
because of missing information or other problems with the
index dwelling.

Rn measurements Mean: Cases, 103 Bqm–3; and controls, 96 Bqm–3.
Median: 67 Bqm–3 for cases and controls.

Rn-exposure estimation Exposure-time window: Defined by study design; medians for
years in the index house, 38 yr for cases and 35 yr for
controls; median occupancy times, 11.5 hr/d for cases and
11.7 hr/d for controls.

Results Overall: For categories < 50, 50-99, 100-199, 200-399, and ≥
400 Bqm–3, adjusted RRs (and 95% CIs) were 1.0, 1.03
(0.8-1.3), 1.00 (0.8-1.3), 0.91 (0.6-1.4), and 1.14 (0.7-1.9).
RRs similar when radon levels weighted by occupancy.

Histology:  RR similar by cell type.
Smoking: RR patterns were similar within smoking categories.

controls, and 70% of cases and 76% of controls lived more than 30 yr in the index
house.  Although the design indicated a minimum of 19 yr of residency in the
index house, registry information appears not to reflect actual residency.  A total
of 26 cases (5%) and 36 controls (7%) had less than 16 yr residency in the index
house.

For indoor-radon categories of less than 50, 50-99, 100-199, 200-399, and
≥.400 Bqm–3, RRs (and 95% confidence intervals) adjusted for age, sex, and
smoking were 1.0, 1.03 (0.8-1.3), 1.00 (0.8-1.3), 0.91 (0.6-1.4), and 1.14 (0.7-
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1.9).  RRs were similar when radon concentrations were weighted by occupancy
or when adjusted for occupational asbestos exposure.

RRs were also similar when data were analyzed by histologic type of lung
cancer.

Israeli Case-Control Study

Study subjects.  This was a small hospital-based case-control study at the
Rambam Medical Center in Israel, summarized in Table G-21.  Subjects were
consecutive patients with primary lung cancer seen in the oncology ward in 1985-

TABLE G-21 Summary of results of Israeli case-control study

Factor Comment (1991)

Principal reference Biberman and others 1993.
Design Hospital-based case-control study.
Study subjects Cases: Two case groups defined on the basis of consecutive

patients with primary lung cancer at an oncology ward of
the Rambam Medical Center in 1985-1989: 35 cases with
small-cell carcinoma (SCC) (including ever-smokers and
never-smokers) and 26 cases with non-small-cell carcinoma
(16 adenocarcinomas) who were never-smokers (NS).
Cases must have live in Israel for at least 10 yr before
diagnosis.

Controls:  Patients without lung cancer matched by sex and 5-
yr age group who were admitted to the same hospital
immediately after case admission and lived in Israel 10 yr
or more.

Subjects in radon study:  After exclusions and refusals, 52
cases and 43 controls were eligible; however, only 35
matched pairs (20 SCC pairs and 15 NS pairs) were
available for analysis.

Rn measurement protocol Measurements:  α-track detectors placed for an average of 9
mo from June or July 1990 through April 1991.

Rn measurements Median:  For cases and controls, 1.09 and 0.9 pCiL–1 for SCC
pairs and 0.9 and 1.07 pCiL–1 for NS pairs, respectively.
Differences were not statistically significant.  Overall mean
concentration was 1.0 pCiL–1.

Rn exposure estimation Exposure-time window: None defined; measurement in current
house only.

Coverage: 28 (80%) cases and 19 (54%) controls lived 20 yr
or more in measured house; 15 (43%) cases and 13 (37%)
controls lived 30 yr or more in measured house.

Results Overall:  No significant differences in median radon
concentrations between cases and controls.  RR for ≥ 1
pCiL–1 compared with <1 pCiL–1 was 1.5 with 90% CI
(0.4,5.4) for SCC pairs and 0.5 with 90% CI (0.1,2.2) for
NS pairs.
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1989 (Biberman and others 1993).  Two case groups were defined: 35 patients with
small cell carcinoma (denoted the SCC group), including ever-smokers and never-
smokers, and 26 patients with non-small cell carcinoma who were never-smokers
(denoted the NS group and including 16 patients with adenocarcinoma).  All sub-
jects had to have lived in Israel 10 yr or more before diagnosis.

Controls were matched by sex and age group within 5 yr from admissions to
the same hospital immediately after case admission.  Controls were also limited
to those who had lived 10 yr or more in Israel before admission.

A total of 52 cases and 43 controls were eligible; however, after refusals or
an inability to obtain radon measurements, a total of 35 pairs were available for
analysis (20 SCC pairs and 15 NS pairs).

Data collection.  Personal interviews with subjects or next of kin yielded
information on residential, occupational, and smoking histories.

Methods of radon measurement.  One α-track detector was placed in the
bedroom of each subject in June-July 1990 and collected starting in April 1991.
The detectors remained in place for a mean of 9 mo (Biberman and others 1993).
Of the 70 dwellings, 33 (47%) were single-story or ground-floor units of multi-
unit apartments.  The geometric mean was 37 Bqm–3 (1.0 pCiL–1), and the range
was 7.4-262.7 Bqm–3 (0.2-7.1 pCiL–1).  Seven measurements were at or above 74
Bqm–3 (2 pCiL–1).

Results.  In the SCC group, 17 subjects were males and 3 females; 19 sub-
jects and 14 controls were ever-smokers.  In the NS group, 4 subjects were males
and 11 females; no subjects were smokers, and 2 controls were ever-smokers.

There was no significant difference in radon concentration between cases
and controls for the SCC or NS groups.  For cases and controls, median concen-
trations were 40.33 and 33.3  Bqm–3 (1.09 and 0.9 pCiL–1) for the SCC pairs and
32.93 to 39.59 Bqm–3 (0.89 and 1.07 pCiL–1) for the NS pairs.  After adjustment
for pack-years of cigarette use, the RR for 37 Bqm–3 (1.0 pCiL–1) compared with
37 Bqm–3 (1.0 pCiL–1) was 1.5 with a 90% CI of 0.4-5.4 for the SCC pairs and 0.5
with a 90% CI of 0.1-2.2 for the NS pairs.  RRs were significantly increased for
long-term residency on a ground floor for both case groups, but the interpretation
of this result is clouded by other possible case-control differences for which no
adjustment could be made.

Port Hope Case-Control Study

One of the earliest case-control studies to estimate indoor radon from direct
measurements is summarized in Table G-22.  This study was conducted in Port
Hope, a town of about 10,000 residents on the north shore of Lake Ontario.  In
1932, mining operations included processing of ore and the recovery of radium;
after 1939, operations shifted to the production of uranium.  Disposal of residue
from the operations occurred on the plant site and in other designated areas.  In
1953, modification of the operations resulted in use of demolition rubble and
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reclaimed building materials throughout the town for various construction pur-
poses (Lees and others 1987).

Study subjects.  Subjects were defined as persons who died of lung cancer in
1969-1979 and who lived in Port Hope for 7 yr or more before the year of
diagnosis.  Cases were identified through the Provincial Cancer Registry and by
contacting local physicians.

For each case, 2 controls, matched on sex and year of birth, were selected
from among persons who had lived in Port Hope for 7 yr or more, with at least 1
yr during the 7-yr period before the date of diagnosis of the matched case.

Persons were excluded if they had worked in the uranium-refining plant or if
they did not meet residency requirements.  After exclusions, 27 lung-cancer cases
and 57 matched controls were studied.

Data collection.  Data were collected by personal interviews with subjects or
next of kin, including information on residential, occupational, and smoking
histories.

TABLE G-22 Summary of results for the Port Hope case-control study

Factor Comment (1991)

Principal reference Lees and others 1987.
Design Case-control study of males and females living in Port Hope,

Ontario.
Study subjects Cases: 27 lung-cancer cases diagnosed in 1969-1979, in

persons who lived 7 yr or more in Port Hope, and were
never employed at the uranium-refining plant.

Controls: 49 subjects matched on sex and date of birth, who
lived 7 yr or more in Port Hope, with at least 1 of these
years during the 7-yr period before the date of diagnosis of
the matched case.  One dead and 1 live control were
matched to each deceased case, and 2 live controls were
matched to each live case.

Lung cancer histology Cell types included 11 squamous cell carcinomas, 6
adenocarcinoma, and 11 unknown.

Rn progeny measurement Measurements: Precise protocol was not provided, but
protocol apparently measurements were of WL.

WL measurements Mean or median:  Not provided.
Rn progeny exposure Exposure-time window: Estimates of exposure based on all

estimation homes occupied in Port Hope since 1933.  Residences
outside Port Hope area were ignored.  Exposure estimates
in WLM and adjusted by a background exposure of 0.229
WLM/yr.  On basis of WLM distributions, it was estimated
that for cases and controls mean WLMs were 2.7 and 0.5,
including 33% and 49% with “zero” WLM exposure (below
estimated background exposure), respectively; among
exposed, means were 4.1 and 1.0 WLM.

Results Overall RR of 1.55 with 95% CI (0.6,4.1) and with
adjustment for smoking RR of 2.36 with 95% CI (0.8,7.1).
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Methods of radon measurement.  The protocol used to measure radon or
radon progeny in homes was not given in Lees and others  (1987).  However, the
authors indicate that in 1976 a “complete survey of the town was undertaken to
delineate radiation contaminated areas and measure radon levels.”  It was not
stated what was measured, but for the analysis exposure of each subject was
estimated in cumulative Jhm–3 (WLM), on the basis of all houses occupied in
Port Hope from 1933.  Estimated values were adjusted to exclude background
exposures, on the basis of an estimate 0.0008015 Jhm–3/yr (0.229 WLM/yr) and
the assumption that a “worker” and a “nonworker” spend 60% and 85% of the
year, respectively, inside the house.

Results.  After adjustment of exposures, 67% of cases and 51% of controls had
“nonzero” exposures.  Among the exposed, mean exposures were 0.01435 and
0.0035 Jhm–3 (4.1 and 1.0 WLM) for cases and controls, respectively.  The matched
RR estimate for exposure was 1.55 (95% CI, 0.6-4.1) without adjustment for smok-
ing status and 2.36 (95% CI, 0.8-7.1) with adjustment for smoking status.

Case-Control Studies of Indoor Radon in Progress

Extrapolations from miner studies suggest that lung-cancer risk posed by
indoor radon exposure may be a potentially important public-health problem.
There have been substantial interest in obtaining direct evidence of harmful ef-
fects of indoor radon to validate miner-based extrapolations and to identify an
upper bound of the risk.  Few studies have been published, and difficult design
issues remain in the conduct of the studies (Lubin and others 1990a, 1995c;
Stidley and Samet 1993).  To expand the base of information on the conse-
quences of indoor radon exposure, several case-control studies are under way.
Table G-23 lists these studies, which total some 13,000 lung-cancer cases.

SUMMARY OF STUDIES OF LUNG CANCER AND INDOOR RADON

In this section, we provide an overall perspective from the various studies of
residential radon, including results of a meta-analysis of current indoor-radon
studies.

Ecologic Studies

Ecologic studies are limited by the inability to estimate relevant exposures,
by the presence of an extremely strong risk factor for lung cancer (cigarette-
smoking), and by the intrinsic confounding arising from regression analyses that
use summary data and model misspecification  We conclude that ecologic studies
are noninformative for estimating risks posed by exposure to indoor radon or for
evaluating a potential threshold exposure below which radon-progeny exposure
would not be harmful.
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TABLE G-23 Summary of continuing studies of residential radon and lung
cancer risk

Estimated
completion

Country Location Cases Cntrls date Comments

European studies:
Belgium-France Ardennes-Eiffel 1,200 — 1996 —
France Brittany 600 1,200 1996 —
Germany Western 2,500 1996 —

Eastern 1,500 1997 —
Tyrol 250 1997 —

Sweden 480 1998 —
United Kingdom Cornwall and 986 1997 —

Devon
North American studies:
Canada — 800 1998 Includes only

never-smoking
subjects

United States Connecticut 960 1995 Jointly conducted
with Utah

Iowa 450 1998 Includes subjects
with at least 20
yr in current
house

Missouri 700 1996 Extension of
previous study,
but includes
ever-smoking
and never-
smoking women

New Jersey 787 1995
Utah 600 1997 Jointly conducted

with
Connecticut

Other:
China Gansu Province 900 1,800 1997 About 50% of

population live
in homes built
below ground
level
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Case-Control Studies

Qualitative Summary of Results

Results of epidemiologic studies of indoor radon concentration and lung
cancer that used surrogate measures were generally consistent with increased risk
at higher exposures.  Their interpretation is complicated by the inability to link
the surrogate measure directly to an estimate of exposure to radon progeny for the
study participants.  Thus, although the results of these studies are an important
step in establishing a link between residential radon and lung-cancer risk, their
direct relevance in assessing either the risk posed by indoor exposure or the
validity of miner-based risk extrapolations is limited.  The most relevant epide-
miologic studies of lung cancer are those which used in-home measurements of
radon to estimate exposure, in that direct measurements provide the most accu-
rate estimates of exposure.  Eight major case-control studies have been reported
that included direct radon measurements, along with a pooled analysis of 3 of the
studies and a meta-analysis of the major studies.

Table G-24 summarizes the sizes of the various studies, the radon concentra-
tions and overall results.  The highest radon concentrations were found in the
Finland’s-I study [mean, 210.9 Bqm–3 (5.7 pCiL–1)], and the next highest in the
Stockholm study [mean, 129.5 Bqm–3 (3.5 pCiL–1)] and Winnipeg study (mean,
118.4 and 199.8 Bqm–3 (3.2 and 5.4 pCiL–1) in the living room and basement,
respectively).  Intermeditate radon concentrations were measured in the Swedish
national study [mean, 107.3 Bqm–3 (2.9 pCiL–1)], the Finland-II study [mean,
99.9 Bqm–3 (2.7 pCiL–1)], and the Shenyang study [median, 85.1 Bqm–3 (2.3
pCiL–1)]; and the lowest concentrations were measured in the New Jersey study
[median, 22.2 Bqm–3 (0.6 pCiL–1)].  The relationship of the measurement infor-
mation for both the Swedish national study and the Finland-I study relative to the
other studies is uncertain, inasmuch as radon was measured in winter, with detec-
tors placed for 3 and 2 mo, respectively.

Comparisons of results from subgroup analyses provide an additional frame-
work for evaluating consistency among studies.  Variations of risk patterns within
subgroups and inconsistencies between studies compel a cautious interpretation
of results.  Three studies—Shenyang, Winnipeg, and Finland-II—found no asso-
ciation with exposure overall and after intense subgroup analysis.  Results of the
other studies offer mixed support for a positive association.  In Finland-I, RRs
exceeded 1.0 for all radon categories, but there was no significant trend with
increasing radon concentration and the highest category had a low RR.  In New
Jersey, there was a significant linear trend, but RRs for radon categories, of less
than 1.0, 1.0-1.9, 2.0-3.9, and at least 4.0 pCiL–1 were 1.0, 1.2, 1.3, and 8.7,
indicating that the trend was strongly influenced by the highest category, which
included 5 cases and 1 controls.  In Stockholm, there was a significant trend with
radon concentration; however, the trend was affected by occupancy or when
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TABLE G-24 Summary of results from case-control studies of residential
radon exposure

Rn level- pCiL–1

Study Cases Controls (med/mean) Comment

Finland-I 238 415 40% > 4.7 Results show only a modest
20% > 7.4 suggestion of an overall

trend with increasing
radon level, but all RRs
exceeded 1.

Finland-II 517 517 cases, 103 Bqm–3 Results show no overall
(mean); controls, 96 trend.  Residential
Bqm–3 (mean) occupancy less than 12

h/d.
Israel 35 35 1.0 (mean) Study has few cases; radon

concentrations are very
low; no conclusions can
be drawn.

Missouri 538 1,183 cases, 1.8 (mean); Results show no overall
controls, 1.8 (mean) trend with increasing

radon level; suggestive
trends were found when
analyses restricted to
adenocarcinoma cases or
in-person interviews.

New Jersey 480 442 cases, 0.5 (med) Significant exposure-
controls, 0.5 (med) response trend, but mean

exposures very low and
results influenced
strongly by highest
exposure category with 5
cases and 1 control.

Port Hope 27 49 cases, 2.7a (mean); Nonsignificant excess
controls, 0.5a (mean) relative risk with or

without adjustment for
smoking.

Shenyang 308 356 cases, 2.8 (med); Results show no increasing
controls, 2.9 (med) RR with increasing radon

level, overall and within
categories of indoor air
pollution.

Stockholm 201 378 cases, 3.1 (med); Results suggest positive
controls, 2.9 (med) increase, but cautious

interpretation indicated
because trend depends on
cut-points and disappears
after adjustment for
occupancy or with BEIR
IV weighting.
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exposures more than 15 yr before were given half the weight.  Furthermore, it
was found that the p value for the test of trend differed when continuous Bqm–3

(pCiL–1) was used as the quantitative value in the test statistic, as opposed to
category-specific means.  The Swedish national study offered the clearest pattern
of increasing RR trend with radon concentration.

Subgroup analyses revealed inconsistencies within and between studies.  In
New Jersey, there was no trend in the RRs with radon concentration among
never-smokers, a positive trend in light smokers (under 25 cigarettes/d), and a
negative trend in heavy smokers (at least 25 cigarettes/d); in Stockholm the trend
was observed only in never-smokers and in heavy smokers (at least 20 cigarettes/
d); and in the Swedish national study trends, were the same for never-smokers,
ex-smokers, and current smokers.  In New Jersey, the RR trend was steepest
when the case group was restricted to large cell carcinomas (a relatively rare
histologic type); in Stockholm, trends were most apparent with small and squa-
mous cell carcinoma; and in Sweden, there was no difference by histologic type.
By way of comparison, in miners, there is suggestive evidence that radon-prog-
eny exposure might be more closely associated with small cell carcinoma (Land
and others 1993; Yao and others 1994) and adenocarcinoma (Yao and others
1994).

Quantitative Summary Based on Pooled Analysis of Pooled Data from 3
Studies

Results from studies of indoor radon and lung cancer are quantitatively
summarized by either pooling data (Chekoway 1991; Friedenreich 1993) or con-

Sweden 1,281 2,576 1.5 (med) RRs increase significantly
with increasing radon
level; RR patterns similar
by histologic type and
homogeneous across
categories for never-
smoker, ex-smoker, and
number cigarettes per day.

Winnipeg 738 738 cases, 3.1 (mean); Results show no increasing
controls, 3.4 (mean) RR with increasing radon

level, as measured in
living area or in
basement.

aEstimated cumulative radon-progeny exposure in WLM.

TABLE G-24 Continued

Rn level- pCiL–1

Study Cases Controls (med/mean) Comment
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ducting meta-analysis (Greenland 1987; Thacker 1988).  In the former approach,
original, primary data from multiple studies are combined and analyzed jointly.
In the latter approach, only  data from published papers are used (Glass 1976);
that is, the study is the unit of analysis (Greenland 1987).  Both approaches have
well-known limitations due to differences among the studies in design, type and
method of data collection, source population, quality-control procedures, infor-
mation on important confounding variables, and time (Friedenreich 1993; Thacker
1988).  Meta-analyses have added burdens associated with the need to rely on
information that is available only in the published papers; that limits flexibility to
assess the exposure of interest, adjust for important confounders, and evaluate
subtle effects (Greenland 1984; Oakes 1990; Petitti 1994; Shapiro 1994).

An analysis of pooled primary data from residential case-control studies in
New Jersey, Shenyang, and Stockholm—including almost 1,000 cases—con-
cluded that these 3 studies were consistent with each other and that any differ-
ences among them could have arisen by chance (Lubin and others 1994b).  The
study-specific estimates of RR and 95% CIs at 150 per Bqm–3 based on fitted
linear excess-RR models were 1.7 (0.8-3.8), 0.9 (0.0-1.2), and 1.2 (0.8-2.4),
respectively.  The combined exposure-response relationship showed no trend,
with a pooled RR estimate of 1.0 with 95% CI (0.8-1.3) at 150 per Bqm–3.
Results suggest that RRs were consistent with no effect of exposure; however,
results were also consistent with extrapolations from miners.

Quantitative Summary Based on Meta-Analysis of 8 Studies

A recent meta-analysis involved the 8 studies that had enrolled 200 or more
lung-cancer cases is listed in Table G-24 (and shown in figure G-1) (Lubin and
Boice 1997).  Overall, 4,263 lung-cancer cases and 6,612 controls contributed to
the meta-analysis.  Figure G-1 suggests that RRs from indoor studies are consis-
tent with the extrapolation based on miner studies, but also that RRs are quite
variable.  The CIs for the individual RRs are large, suggesting that results are also
consistent with no effect of radon concentration.  However, more of the RRs
exceeded 1.0 than were less than 1.0, and there was a general tendency for higher
RRs with higher radon concentrations.

Lubin and Boice (1997) obtained RR estimates and 95% CIs for categories
of radon concentration in Bqm–3 from published results and carried out weighted
linear-regression analyses of the natural logarithm of the RR estimates using
inverse variances as weights (Draper and Smith 1966).  For each study, a loglinear
RR model that passed through the quantitative value for the baseline category
was fitted.  For exposure at concentration x, the regression model was

log[RR(x;x0)] = β (x – x0), (1)

where x0 was the exposure for the referent category and β the unknown
exposure-response parameter.  Model (1) was fitted to each study, and an esti-
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mate of βi, denoted βi, was obtained.  A summary estimate for β1,. . ., β8 was
obtained with the same 2-step approach used by the committee in its analysis of
miners.

Except for the Finland-I study, loglinear models provided good fits to the RR
from the individual studies (Figure G-2), and there were no significant deviations
from linearity.  The study-specific values for the exponential of the estimates in
units of 150 Bqm–3, that is, exp(βix150), are shown in Table G-25.  The fitted
RRs at 150 Bqm–3 ranged from 0.8 to 1.8.  A test of homogeneity of the estimates
was rejected (p < 0.001).  The fitted RR at 150 Bqm–3 was exp(0.0009x150) =
1.14 with 95% CI of (1.0-1.3).

The baseline categories for the RRs differed for the various studies.  RRs
for each category and for each study were adjusted to a baseline concentration
of “zero” radon (that is, ambient concentrations) by multiplying each RR by
exp(βix0i), where x0i was the concentration for the baseline category and βi the
estimate for the ith study.  With the adjusted RRs, 5 categories of radon con-
centration were created on the basis of quintiles, less than 55.4, 55.5-88.7,
88.8-142.2, 142.3-250.8, and at least 250.9 Bqm–3.  Estimates of RR and 95%
CIs for the 5 categories were 1.0, 1.05 (0.9-1.2), 1.05 (0.9-1.2), 1.25 (1.0-1.5),
and 1.20 (1.0-1.4).  Those RRs were in turn adjusted to a zero baseline by
multiplying by exp(βx0), where x0 was the mean concentration for the lowest
radon category, 34.2 Bqm–3, and β the parameter estimate.  Figure 3-2 pre-
sented earlier in chapter 3 shows the adjusted RRs (solid squares).  The figure
also shows that the summary loglinear model, log[RR(x)] = 0.009x, provided
a good fit to the data.

Mean cumulative exposure in the miner studies was over 20 times greater
than living 30 yr in an average US house at the mean concentration of 46 Bqm–3.
With data from the < 0.175 Jhm–3 (< 50 WLM) restricted analysis of miners (see
page 3-15), RRs in miners were compared with RRs from the residential studies.
A correspondence between exposures for miners in Jhm–3 (WLM) and radon
concentrations in homes in Bqm–3 was made assuming 30 yr of exposure, stan-
dard residential occupancy assumptions [living for 1 yr in a house at 37 Bqm–3

and assuming 70% occupancy, and 0.4 equilibrium factor is approximately equal
to 0.00014 Jhm–3 (0.4 WLM) of exposure], and a 1.0 K factor.  For example, a
miner exposed to 0.0875 Jhm–3 (25 WLM) was assumed to have about the same
exposure as a person living 30 yr in a house with a radon concentration of 220
Bqm–3 [= 37 × 25 WLM/(30 yr × 0.14 × 1.0)].  For miners, RRs were calculated
for 0, 1-9, 10-19, 20-29, 30-39, and 40-49 WLM.  Figure 3-1 shows RRs and 95%
CIs from the miner data (open squares).

The estimate for RR from a loglinear model fitted to the miner RRs under
0.175 Jhm–3 (50 WLM) was 1.13 at 150 Bqm–3 with a 95% CI of 1.0-1.2, essen-
tially the same as the 1.14 (1.0, 1.3) estimate from the meta-analysis of residential
studies.  Thus, RRs for miner exposures under 0.175 Jhm–3 (50 WLM) were
similar to extrapolations with the miner-based risk model (Figure G-1), devel-
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FIGURE G-2 Relative risks for radon-concentration categories and fitted exposure-re-
sponse models for each case-control study.  Fitted lines adjusted to pass through quantita-
tive value for baseline category.
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FIGURE G-2 Continued
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oped from data with generally higher exposures, and similar to the RRs from the
indoor studies.

Results from the indoor case-control studies do not provide direct informa-
tion on lifetime risks posed by radon exposure.  The excess risk of 14% at 150
Bqm–3 corresponds to only 30 years of exposure in a house at a constant radon
concentration and hence does not reflect the risk of lung cancer following life-
time exposure, where the estimated excess lifetime relative risk at 150 Bqm–3

based on the miner models is 40 to 50% (Table 3-6).  Estimated relative risks
from indoor studies and from miner-based models reflect a 30-year exposure
period at 148 Bqm–3 and not lifetime exposures at this level.  Thus, if exposures
outside this 30-year period influence lung-cancer risk, as suggested by the miner
data, then the 14% excess relative risk at 148 Bqm–3 from indoor studies is a

FIGURE G-2 Continued
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biased estimate of the lifetime relative risk at this concentration and therefore
cannot be used to estimate attributable risks for a population.

In the meta-analysis, study-specific exposure-response estimates differed
significantly.  In an attempt to explain the differences, values for overall mean
radon level, percentage of exposure interval covered by radon-measurement data,
mean number of homes per subject, mean number of measured homes per sub-
ject, percent of cases who smoked, percentage of eligible subjects included in the
radon analysis, percentage of homes with year-long radon measurements, per-
centage living subjects, and percentage female subjects were obtained for each
study.  None of those variables, individually or jointly, explained the heterogene-
ity in the study-specific exposure-response estimates.

For the meta-analysis an influence analysis, in which summary estimates
were computed on the basis of 7 of 8 studies, indicated that the overall estimates
change very little when any single study is omitted.

In summary, there was a significant exposure-response relationship in the
meta-analysis by Lubin and Boice (1997) with an estimated RR at 150 Bqm–3 of
1.14, and results were generally confirmatory of miner-based extrapolations of
risk and with RR among the least-exposed miners.  However, meta-analyses are
known to have numerous limitations, including an inability to explore adequately
the consistency of results within and between studies and to control for poten-

TABLE G-25 Estimates of relative risk (RR) at 150 Bqm–3 and the 95%
confidence interval (CI) each study and for all studies combined

Reported in
Study RRa 95% CI original paperb

Finland-Ic 1.30 (1.09,1.55) N.A.
Finland-II 1.01 (0.94,1.09) 1.02
New Jersey 1.83 (1.15,2.90) 1.77
Shenyang 0.84 (0.78,0.91) 0.92d

Winnipeg 0.96 (0.86,1.08) 0.97
Stockholm 1.83 (1.34,2.50) 1.79
Sweden 1.20 (1.13,1.27) 1.15
Missouri 1.12 (0.92,1.36) N.A.
Combinede 1.14 (1.01,1.30) —

aValues shown are estimated RR at 150 Bqm–3 that is, exp(β × 150), where β was obtained from a
weighted linear regression fitting the model log(RR) = β(x – x0), where x0 is the quantitative value
for the lowest radon category and x is the category-specific radon level.
bRR at 150 Bqm–3, on the basis of computed from exposure-response relationship provided in
original reports.  Exposure-response data not available (N.A.) in Finland-I and Missouri studies.
cFor Finland-I, there was a significant departure from linearity (P = 0.03).  Estimated RR for 150
Bqm–3 with linear-quadratic model was 1.71.
dTaken from results in pooled analysis (Lubin and others 1994a).
eCombined estimate and confidence interval based on random-effects model.  Fixed effects estimate
was 1.11 with 95% CI (1.07,1.15).
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tially important confounding factors.  Nonetheless, the results are consistent with
a small effect on lung cancer associated with exposure to indoor radon progeny.

Finally, the results of the ecologic analysis by Cohen (1995) can be com-
pared with the results of the meta-analysis.  In his analysis, Cohen fitted a linear
model that resulted in a declining linear excess-RR trend of 0.002/Bqm–3.  Figure
3-2 compares the ecologic regression line with RRs from residential studies and
from miner studies.  It is clear that the negative exposure-response relationship is
contradicted by both the miner data and the data from the indoor radon studies.

DESIGN LIMITATIONS OF INDOOR-RADON STUDIES

If miner studies are so unequivocal in showing the carcinogenicity of radon,
why are results from  current studies of indoor radon, particularly those which
include measurements of indoor radon, variable and relatively inconclusive?
Case-control studies of lung cancer and indoor radon are, of course, limited by
factors that affect any epidemiologic study as summarized in Table G-26 (Lubin
and others 1990a).  Inadequate design elements might result in reduced power for
a study to detect a significant effect and in biased or confounded estimates.
However, studies of lung cancer and indoor radon have unique features that place
additional burdens on the accurate assessment of the effects of exposure and the
attainment of sufficient study power (Table G-27):

• The use of miner-based extrapolations provides uncertain estimates of the
size of the RR in homes, although expected RRs are very small—an RR in the
range of 1.1-1.3 for a 25-yr exposure at 148 Bqm–3 (4 pCiL–1).  For a case-control
study, this implies that the distribution of exposures for cases is very similar to
the distribution of exposures for controls.  As a consequence, substantial numbers
of subjects are needed to establish a significant difference in the distributions and

TABLE G-26 Potential limiting factors of case-control studies of indoor
radon and lung cancer

Error in estimation of radon exposure
Errors in estimation of tobacco use and other potential confounders
Data missing because of nonresponse

To interview
To radon measurement
From use of surrogate responders

Misclassification of disease
Identification of appropriate target population for selection of controls
Inappropriate design assumptions for accurate assessment of sample size and power:

Incorrect specification of dose-response
Incorrect specification of true exposure distribution
Failure to consider consequences of residential mobility
Failure to consider effects of random error in exposure assessment
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to estimate effects precisely.  In addition, because the distribution of radon con-
centrations is skewed, few homes exceed 148 Bqm–3 (4 pCiL–1); in the United
States, only 5-7% of homes are estimated to exceed this level (EPA 1991;
Marcinowski and others 1994).

• Subjects usually live in many homes during their lifetimes, thereby nar-
rowing the range of exposures in the target population and reducing study power.
The consequences of residential mobility can be demonstrated with an extreme
example: If every member of the population moved every day and radon levels in
homes were statistically independent, the total exposure of each subject after,
say, 25 yr would be about 25 times the mean exposure rate; thus, there would be
little or no exposure variation in the population, and this would complicate the
detection of any risk.

• The use of contemporary measurements in current and past homes results
in exposures estimated with great imprecision.  Unless those formidable limita-
tions can be addressed—with new measurement technologies, with studies in
low-mobility or high-exposure populations, or with the pooling of data—it is
uncertain whether definitive results can ever be achieved.

EFFECTS OF ERROR, MOBILITY, AND MISSING
 DATA ON INDOOR-RADON STUDIES

The pattern of lung-cancer risk in miners suggests that exposures in the
preceding 5-30 yr are the most relevant for estimating radon-associated lung-

TABLE G-27 Sources of error in estimation of cumulative indoor radon
progeny exposure

Errors related to measurement of radon:
Counting error for α-track device
Possible effects of airborne contaminants
Measurement at fixed location in room
Measurements limited to 1or 2 rooms only
Diurnal and seasonal variation
Use of contemporary measurements to characterize past levels

Sources of errors in duration of exposure:
Variation in occupancy over time
Imprecision of estimate of occupancy time

Radon exposures occurring outside home
Measurement gaps for homes within exposure period
Exposure as duration times mean exposure rate as an approximation of time-integrated

exposure rate
Conversion of radon concentration to WLa

aWL denotes working levels, the unit of radon progeny measured in studies of underground mines.
Conversion of radon to radon progeny is  needed to estimate risk based on miner models.
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cancer risk (NRC 1988; Lubin and others 1994).  That permits exposure-assess-
ment efforts in residential studies to focus on more-recent years, which is fortu-
nate because it is often impossible to locate residences and measure radon con-
centrations for homes in which subjects lived previously.  However, the extent to
which exposures before to the defined exposure-time window contribute to lung-
cancer risk, then omitting them by design adds imprecision to the exposure esti-
mates (Lubin and others 1990).

There is an important distinction between error in a measurement device and
error in assessment of individual exposure.  The most-common area dosimeter
used in epidemiologic studies is the α-track detector; radon concentration is
determined by counting the number of etched tracks made on plastic film by
alpha particles, and the number of tracks is proportional to concentration (Alter
and Fleischer 1981; Lovett 1969).  Both the counting and measurement processes
are subject to error, which has been estimated to be about 15-25% (Létourneau
and others 1994; Yeager and others 1991).  The error in the measurement process
defines the absolute lower bound of the accuracy of any exposure assessment
based on α-track devices.

Many other factors contribute to error in the estimation of personal exposure
(Table G-27).  Total exposure to radon progeny is the sum of exposures received
in all environments, including the home, the workplace, and outdoors.  α-track
detectors are usually left in place for several months to a year.  In some studies,
concentration measurements from short-term devices (3-7 days) supplemented
those from long-term devices that might have been lost or unusable.  Residential
radon concentrations vary daily and seasonally (Swedjemark 1985), and short-
term measurements or single-season measurements might not provide an accu-
rate characterization of year-long radon levels.

For analysis, radon exposure in a  defined time window is often computed as
the time-weighted average concentration (TWA) or cumulative exposure in
Bqm–3-yr (or pCiL–1-yr).  For TWA, gaps in the measurement data for previous
homes are often ignored when there is more than 1 residence.  That can induce
bias.  Suppose that 1 subject lived for 30 yr in a home measured at 150 Bqm–3 and
a second subject lived for 15 yr in a home measured at the same level and 15 yr
in an unmeasured home.  If one ignores the missing data from the unmeasured
home, each subject would have a computed TWA of 150 Bqm–3.  However,
because of regression toward the mean, the TWA for the latter subject is likely an
overestimate.  If coverage of the exposure-time window is related to case status,
ignoring measurement gaps is potentially biasing.  To minimize such biases, an
imputation procedure for missing data with adjustment for the variance estimates
of parameters would be the preferred approach (Weinberg and others 1996).

In indoor-radon studies, only current radon levels can be measured, and they
might not accurately reflect those of 15-30 yr earlier because of tightening of
homes for energy conservation or other modifications (Kendall and others 1994).
In addition, measurements are typically made only in a few rooms of a house.
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Simulation Studies

The effects of errors in exposure, residential mobility, and the inability to
measure radon concentrations in all homes in the exposure-time window were
illustrated in a series of simulation studies by Lubin and others (1995), expanding
earlier analyses of Lubin and others (1990).

Steps in the simulation of data are shown in Table G-28.  Case-control
studies with M = 700 cases and N = 700 controls were selected from indepen-
dently generated populations of 10,000 persons, with an overall lung cancer rate
of 10%.  Initially, it was assumed that each person lived in only 1 house.  The
lognormal distribution of US radon concentrations was used, with a geometric
mean (GM) of 24.8 Bqm–3 and a geometric standard deviation (GSD) of 3.11
(Marcinowski and others 1994).

A multiplicative error (U) was assumed; ln(U) was assumed to be normally
distributed with a mean of 0 and a variance of τ2.  Measurement error was
specified by exp(τ) as 1.0 (no error), 1.50, 2.0, and 3.0, which roughly correspond
to exposure errors of zero, ±50%, ±100%, and ±200%, respectively.  For ex-
ample, exp(τ) = 2.0 implies that a true exposure of 0.07 Jhm–3 (20 WLM) will be
estimated as 0.035-0.14 Jhm–3 (10-40 WLM).  For comparison with current case-
control studies, radon progeny exposures were rescaled on the basis 25 yr of
exposure to radon concentration, and RRs were computed by categories of Bqm–3.

Simulations were also conducted to illustrate the effects of error, mobility,
and missing radon-measurement data from past residences (Lubin and others
1995).  Table G-29 provides an empirical calculation of study power for case-
control studies with 700 cases and 700 controls and with 2,000 cases and 2,000

TABLE G-28 Steps in simulation study conducted by Lubin and others
(1995)

1. For each individual, generate a true radon concentration by randomly sampling from a
lognormal distribution with geometric mean 24.8 Bqm–3 and GSD 3.11.  Convert to radon
progeny exposure in WLM on the basis of 25 yr of exposurea (X), multiplying by
(0.18/37)25yr, where the first factor represents the conversion under standard assumptions
of 1 yr residence in a house at 1 Bqm–3 to exposure in WLM/yr.a

2. Compute the probability of lung cancer, on the basis of P(D = 1|X) =
ea(1+bX){1+ea(1+bX)}–1, with a and b specified.  Randomly sample from a uniform 0-1
distribution to determine disease status D.

3. Include a multiplicative error, U, by randomly sampling from a lognormal distribution,
where ln(U) is normal with mean 0 and variance τ2, and create an observed exposure
Z = XU.

4. Repeat steps 1-3 10,000 times to generate a population.
5. Select M disease cases and N controls, categorize radon concentration, and compute RRs

and test statistics, using continuous radon concentration as the quantitative variable.
6. Repeat steps 1-5 to generate each simulated case-control data set.

aInitial assumption was 25 yr of occupancy in a single house.  This assumption was later relaxed.
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controls, that is, the percentage of 1,000 simulated studies that rejected the null
hypothesis of a radon effect.  The table shows that a study with 700 cases and 700
controls, in which all subjects lived in a single residence for 30 yr and exposure is
measured without error, has a power of 0.45 of rejecting a hypothesis test of no
exposure effect when the true trend is 0.015/WLM.  With 2,000 cases and 2,000
controls, the study has a power of 0.90.  The table also illustrates the marked
decline in power with increasing exposure error and mobility and with decreasing
coverage of the exposure-time window.

Sample Sizes for Case-Control Studies

Table G-30 shows the number of cases required for a study designed to have
90% power to reject a null hypothesis based on a 2-sided 0.05-level test if the
alternative, b = 0.015 WLM, were true (Lubin and others 1995).  This table
updates the sample sizes provided in Lubin and others (1990a).  With typical

TABLE G-29 The percentage of times P value for score test of no linear
trend in relative risk with exposure is less than 0.05, based on 1,000 simulated
case-control studiesa

Number of homes occupied in 5 to 30 yr exposure windowb

1 2 3

Error distributionc: Percent coverage of exposure-time window

exp(τ) 100% 100% 50% 100% 67% 33%

Study size: 700 cases and 700 controls
1.0 45.0 30.6 17.1 28.2 24.2 11.5
1.5 41.4 26.6 16.6 24.9 16.4 10.8
2.0 29.4 18.8 12.7 9.4 9.2 6.8
3.0 17.1 11.8 7.2 6.4 8.6 5.8

Study size: 2,000 cases and 2,000 controls
1.0 89.8 73.6 46.0 60.8 52.6 32.1
1.5 84.8 66.8 44.1 55.1 42.1 29.4
2.0 71.0 54.0 35.6 34.4 26.6 23.5
3.0 40.8 32.9 22.0 23.6 14.6 13.0

aRisk is based on a 0.10 background rate of lung cancer and an excess relative risk of 0.015 per
working level month.  Exposure is based on 25 yr of residence and a lognormal radon concentration
distribution with geometric mean 24.8 Bqm-3 and geometric standard deviation 3.11.
bFor multiple homes, it is assumed that equal numbers of years are spent in each home.  Thus, for 2
homes, 50% indicates that 12.5 yr of the exposure-time window was covered by radon-measurement
data, for 3 homes, 33% and 67% indicate that 8.3 and 16.7 yr of the exposure window were covered
by measurement data, respectively.
cThe multiplicative error distribution is assumed to be lognormal, with the logarithm of the error
having mean 0 and variance τ2.  The row with exp(τ) = 1 shows results when exposure is measured
without error.
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mobility and with exp(τ) about 1.5-3.0, about 5,000-18,000 lung-cancer cases
and an equal number of controls would be needed, or about 4,000-13,000 cases
and twice the number of controls.  Those numbers should be interpreted cau-
tiously, perhaps as a lower bound, because calculations do not account for un-
measured houses and adjustment of other risk factors.

CONCLUSIONS

Accurate exposure estimation is essential for any study of lung cancer and
indoor radon.  Estimating past exposures is a formidable task, and a present-day
measurement, even if made for an entire year, might not accurately reflect radon
concentrations of 30 yr ago or earlier.  Exposure assessment is further burdened
by subject mobility, which decreases the range of exposures in a population and
thereby decreases study power.  Mobility also creates the potential for gaps in the
reconstruction of exposure histories because of an inability to measure all previ-
ous houses.  When reasonable assumptions are made about measurement errors,
mobility and gaps in the exposure-time window, any calculated dose-response
relationship will probably be consistent with no exposure effect unless there are
substantial numbers of cases and controls.  On the basis of those observations, the
committee concludes that the seeming inconsistency among case-control studies
to date is in large part an inherent consequence of errors in dosimetry and residen-
tial mobility.

TABLE G-30 The effects of measurement error, exp(τ), and mobility on
sample sizea (entries are number of lung-cancer cases required)

Mobility pattern

Exp(τ)b 1 × 25 yr 2 × 12.5 yr 3 × 8.3 yr

Control-to-case ratio = 1:1
1.0 2,033 2,447 3,408
1.5 2,521 3,292 4,879
2.0 3,716 5,365 8,484
3.0 8,429 13,530 22,694

Control-to-case ratio = 2:1
1.0 1,488 1,810 2,530
1.5 1,846 2,437 3,626
2.0 2,724 3,974 6,311
3.0 6,183 10,034 16,895

aStudy required to have 90% power to reject a trend in radon exposure, b = 0, when the true trend is
b = 0.015, using a 2-sided 0.05-level test.  Exposure based on 25 yr of exposure and occupancy in 1,
2, or 3 houses.
bIt is assumed that error is multiplicative and the logarithm of the error is normally distributed with
mean 0 and variance τ2.
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In recent years, new statistical techniques have been developed for analyses
of case-control data that attempt to take errors in exposure assessment into ac-
count.  The validity of the techniques and a resulting “corrected” risk estimate
require direct information on the form of the error distribution.  Thus, the estima-
tion of the true effects of residential radon exposure could be enhanced by the
collection of data that allows an evaluation of exposure errors.

The ability to estimate lung-cancer risk from indoor-radon studies is much
more complex than the simple computer simulations, which were based only on
measurement errors, considered only simple residential mobility patterns, and
were defined by an ideal situation: occupancy known exactly, no variation in the
equilibrium of radon with its decay products, and no misspecification of disease
status.  In reality, radon studies suffer from further uncertainties arising from a
variable relationship between exposure and dose and from the potential con-
founding and potentiating effect of tobacco smoke, both active and passive, and
the possible presence of other factors, such as indoor air quality or occupational
exposures, which may also be measured only imprecisely.

Computer simulations document that small predicted levels of risk and
misspecification of radon exposures contribute to the mixed results of current
radon case-control studies.  The public is perplexed by the seemingly conflicting
results and uncertain as to the existence of an adverse effect.  Although many of
the newer studies are larger than published studies, the marked reduction in study
power from (random) errors in exposure suggests that results from the newer
studies might also be mixed (Samet 1994).

In the long term, several steps can help to address problems caused by
extensive exposure-assessment errors.  The most obvious is improvement in
estimating exposures, which can be accomplished by selection of a stable target
population so that the potential for gaps in exposure measurements is minimized
or by using of improved technology for the measurement of radon concentra-
tions.

The power of an indoor-radon study to detect an excess risk could also be
enhanced by targeting special populations, such as a population with high expo-
sures, a broad range of exposures, and low residential mobility.

Case-control studies of residential radon are limited by the generally low
dose of alpha energy delivered to the lung, which reflects the low radon concen-
trations to which most of us are exposed every day.  The anticipated excess risk is
small and not readily measured, because of errors that affect estimation of expo-
sure.  On the basis of results of the simulations, the committee concludes the
following:

• Because of error intrinsic in the measurement and estimation of prior
radon exposures, a single study cannot be expected to provide sufficiently precise
lung-cancer risk estimates.
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• The inconsistencies in existing indoor radon concentrations are not sur-
prising and are probably the consequence of mobility and errors in dosimetry
related to missing radon measurements and poor exposure assessment.

• With increased residential mobility and errors in dosimetry, it is virtually
impossible practically to distinguish between studies for which an underlying
radon effect is assumed and studies for which no radon risk exists.

• Investigators are encouraged to include procedures to estimate the distri-
bution of exposure errors in the design of indoor-radon studies, and analyses of
studies should adjust for exposure errors.

• Additional studies of the consequences of missing exposure data within
the exposure-time window, of ignoring the roughly 30% of time exposed to
nonhome sources of radon progeny, and of incomplete coverage of radon concen-
trations in prior homes are needed.

• Improved technologies are needed for the accurate estimation of prior
radon-progeny exposure.

Combining data from prior and current studies should be encouraged.  However,
even with a large sample size a clear picture of lung-cancer risk posed by residen-
tial radon exposure might not arise, because the substantial influence of errors in
radon-exposure assessment.
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Absolute risk.  An expression of excess risk based on the assumption that the
excess risk from radiation exposure adds to the underlying (baseline) risk by
an increment dependent on dose but independent of the underlying natural
risk.

Absorbed dose.  The mean energy imparted by ionizing radiation to an irradiated
medium per unit mass.  Units: gray (Gy), rad.  1 Gy = 100 rad.

Action level.  A concentration of radon in air that the Environmental Protection
Agency recommends should be the maximum concentration in homes; i.e.,
concentrations above this level should be reduced or mitigated to this level.
In 1998, EPA recommends an action level of 148 Bqm–3 or 4 pCiL–1.

Activity.  The amount of radionuclide radioactivity defined as the mean number of
decays per unit time.  Units: becquerel (Bq), curie (Ci).  1 Bq = 2.7 x 10–11

Ci.
Activity Median Aerodynamic Diameter (AMAD).  The diameter of a unit-density

sphere with the same terminal settling velocity in air as that of the aerosol
particle whose activity is the median for the environment.

Additive effects.  Equal to the sum of effects from two agents when acting alone.
Aerosol.  Solid or liquid particles that are dispersed in a gaseous medium, are able

to remain suspended for a relatively long time, and that have a high surface
area to volume ratio.

Alpha particle.  Two neutrons and two protons bound as a single particle that is
emitted from the nucleus of certain radioactive isotopes in the process of
decay or disintegration. Is positively charged and indistinguishable from a
helium atom nucleus.

Glossary
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Apoptosis.  Programmed cell death.  The cell death is characterized by a distinc-
tive fragmentation of DNA which is regulated by cellular functions.

Attributable risk (AR).  The estimated burden of a disease (such as lung cancer)
that could, in theory, be prevented if all exposures to a particular causative
agent (such as radon) were eliminated.

Background radiation.  The amount of radiation to which a member of the popu-
lation is exposed from natural sources, such as terrestrial radiation due to
naturally occurring radionuclides in the soil, cosmic radiation originating in
outer space, and naturally occurring radionuclides deposited in the human
body.

Baseline rate.  The cancer incidence observed in a population in the absence
of the specific agent being studied; the baseline rate includes cancers
from a number of other causes, such as smoking, background radiation,
etc.

Becquerel (Bq).  SI unit of activity.  (see Units).  1 Bq = 1 disintegration per
second.

BEIR IV.  Refers to the report of the fourth National Research Council Committee
on Biological Effects of Ionizing Radiation; the report was published in
1988.

Bias.  Factors that influence the outcome of data collection such as causing
certain measurements to have a greater chance of being included than others.

Bronchial morphometry.  Characterization of the cellular and anatomical struc-
ture of the bronchial region of the lung.

Cancer.  A malignant tumor of potentially unlimited growth, capable of invading
surrounding tissue or spreading to other parts of the body by metastasis.

Carcinogen.  An agent that is believed to be able to cause cancer.  Ionizing
radiations are physical carcinogens; there are also chemical and biologic
carcinogens and biologic carcinogens may be external (e.g., viruses) or inter-
nal (genetic defects).

Carcinoma.  A malignant tumor (cancer) of epithelial origin.
Case-control study.  An epidemiologic study in which people with disease and a

similarly composed control group are compared in terms of exposures to a
putative causative agent.

Cell Culture.  The growing of cells in vitro (in a glass or plastic container, or in
suspension) in such a manner that the cells are no longer organized into
tissues.

Cohort study.  An epidemiologic study in which groups of people (the cohort) are
identified with respect to the presence of, or absence of, exposure to a dis-
ease-causing agent and in which the outcomes in terms of disease rates are
compared; also called a follow-up study.

Competing risks.  Other causes of death which affect the outcome of the risk
being studied.  Persons dying from other causes are not recorded at risk of
dying from the factor in question.
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Confidence limits or intervals.  A measure of the reliability of a risk estimate.  A
90% confidence interval means that 9 times out of 10 the estimated risk
would be within the specified interval.

Constant relative risk (CRR).  A risk model which assumes that, after a certain
time, the ratio of the risk at a specific dose to the risk in the absence of the
dose does not change with time.

Curie (Ci).  A unit of activity equal to 3.7 x 1010 disintegrations/s or 3.7 x 1010

becquerels.  (see Units).
DNA.  Deoxyribonucleic acid; the genetic material of cells.
Deletions.  Type of mutation in which sections of DNA are removed; can refer to

the removal of a single base or several bases.
Dose.  The quantity of energy or chemical agent delivered to a specific tissue

following exposure.  (see Absorbed dose).
Dose-distribution factor.  A factor which accounts for modification of the dose

effectiveness in cases in which the radionuclide distribution and the resultant
dose are non-uniform.

Dose-effect (dose-response) model.  A mathematical formulation and description
of the way the effect (or biological response) depends on the dose.

Dose equivalent.  A quantity that expresses, for the purposes of radiation pro-
tection and control, an assumed equal biological effectiveness of a given
absorbed dose on a common scale for all kinds of ionizing radiation.  SI unit
is the Sievert (see Units).  1 Sv = 100 rem.

Dose rate.  The quantity of absorbed dose delivered per unit time.
Dose Rate Effectiveness Factor (DREF).  A factor by which the effect caused by

a specific type of radiation changes at low (protracted or fractionated deliv-
ery of dose) as compared to high (or acute) dose rates.

Dosimetric model.  A method for estimating risk based on the use of physical
models for doses to target cells and the use of results from epidemiologic
studies of exposures to humans from other types of radiations.

Ecologic study.  A method of epidemiologic analysis in which, for radon, re-
gional rates of lung cancer are related to the measure of regional radon
concentrations.

Effective attributable risk (EAR).  The reduced attributable risk such as the frac-
tion of total lung-cancer deaths that would be eliminated by implementing a
radon-mitigation scenario.

Electron volt (eV).  A unit of energy = 1.6 x 10–12 ergs or 1.6 x 10–19 J; 1 eV is
equivalent to the energy gained by an electron in passing through a potential
difference of 1 V; 1 keV-1,000 eV; 1 MeV - 1,000,000 eV.

Empirical model.  A model that is derived from measurements in populations as
opposed to a theoretical model.

Epidemiology.  The study of the determinants of the frequency of disease in
humans.  The two main types of epidemiological studies of chronic disease
are cohort (or follow-up) studies and case-control (or retrospective) studies.
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Equilibrium fraction.  In equilibrium, the radioactivity from the parent nuclides
and progeny nuclides are equal.

Etiology.  The science or description of cause(s) of disease.
Ever-smokers.  People who smoked cigarettes for a period of time, regardless of

whether they have stopped smoking.
Excess relative risk (ERR).  A model that describes the risk imposed by exposures

as a multiplicative increment to the excess disease risk above the background
rate of disease.

Exposure.  The condition of having contact with a physical or chemical agent.
Exposure-age-concentration model.  Risk model based on the average radon

concentration.
Exposure-age-duration model.  Risk model based on the duration of exposure to

radon.
Fibrosis.  Damage to normal tissue which results in a modification of tissue

structure but which is not cancer.
Fractionation.  The delivery of a given dose of radiation as several smaller doses,

separated by intervals of time.
Gamma radiation.  Also gamma rays; short wavelength electromagnetic radia-

tion of nuclear origin, similar to x rays but usually of higher energy (100 keV
to several MeV).

Geometric mean.  The geometric mean of a set of positive numbers is the expo-
nential of the arithmetic mean of their logarithms.  The geometric mean of a
lognormal distribution is the exponential of the mean of the associated nor-
mal distribution.

Geometric standard deviation (GSD).  The geometric standard deviation of a
lognormal distribution is the exponential of the standard  deviation of the
associated normal distribution.

Gray (Gy).  SI unit of absorbed dose (see Units).  1 Gy = 100 rad or deposition of
1 joule per Kg.

Half-life, biologic.  Time required for the body to eliminate half of an adminis-
tered dose of any substance by regular processes of elimination; it is approxi-
mately the same for both stable and radioactive isotopes of a particular
element.

Half-life, radioactive.  Time required for a radioactive substance to lose 50% of
its activity by decay.

Histologic types.  Pathologists have identified 4 principal lung cancers based
upon microscopic analysis of cellular characteristics: squamous cell carci-
noma, adenocarcinoma, small cell carcinoma, and large cell carcinoma.

Incidence.  Or incidence rate;  the rate of occurrence of a disease within a speci-
fied period of time, often expressed as a number of cases per 100,000 indi-
viduals per year.

Inhalation.  To draw air into the lungs by breathing; considered an exposure route
for radon and radon progeny.
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In utero.  In the womb, i.e., before birth.
Inverse dose-rate effect.  An effect in which, for a given exposure, the probability

of effect increases as the dose rate is lowered.
In vitro. Refers to cell culture conditions in glass or plastic containers as opposed

to in vivo, in the living individual.
In vivo.  In the living organism.
Ionizing radiation.  Radiation sufficiently energetic to dislodge electrons from an

atom thereby causing an ion pair.  Ionizing radiation includes x and gamma
radiation, electrons (beta radiation), alpha particles (helium nuclei), and
heavier charged atomic nuclei.  Neutrons ionize indirectly by first colliding
with components of atomic nuclei.

Isotopes.  Nuclides that have the same number of protons in their nuclei, and
hence the same atomic number, but that differ in the number of neutrons, and
therefore in the mass number; chemical properties of isotopes of a particular
element are almost identical.

K factor.  A dimensionless parameter in the risk model that characterizes the
comparative doses to lung cells for exposures in homes compared to similar
exposures in mines.

Latent period.  The period of time between exposure and expression of the
disease.  After exposure to a dose of radiation, there is a delay of typically
several years (the latent period) before any cancers are observed.

Life table.  A table showing the number of persons who, of a given number born
or living at a specified age, live to attain successive higher ages, together
with the numbers who die in each interval.

Lifetime relative risk (LRR).  The relative increment in lung cancer risk resulting
from exposure to an agent such as radon.

Linear energy transfer (LET).  Average amount of energy lost per unit track
length.

Low LET radiations.  Light, charged particles such as electrons or x rays and
gamma rays that produce sparse ionizing events far apart on the scale of a
cellular nucleus.

High LET radiations.  Heavy, charged particles such as protons and alpha par-
ticles that produce dense ionizing events close together on the scale of a
cellular nucleus.

Linear (L) model or relationship.  Also, linear dose-effect relationship; expresses
the effect (e.g., mutation or cancer) as a proportional (linear) function of the
dose.

Linear-quadratic (LQ) model.  Also, linear-quadratic dose-effect relationship;
expresses the effect (e.g., mutation or cancer) as a function of two compo-
nents, one directly proportional to the dose (linear term) and one propor-
tional to the square of the dose (quadratic term).  The linear term will pre-
dominate at lower doses, the quadratic term at higher doses.
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Lognormal distribution.  When the logarithms of a randomly distributed quantity
have a normal (Gaussian) distribution.

Mechanistic basis.  An explanation derived from a knowledge of the individual
stages leading to an effect.

Meta-analysis.  A method for analyzing epidemiologic data based on grouping or
pooling information obtained from several studies.

Mitigation.  The act of reducing radon concentrations in homes.
Model.  A schematic description of a system, theory, or phenomenon that ac-

counts for its known or inferred properties and may be used for further study
of its characteristics.

Monte Carlo Calculation.  The method for evaluation of a probability distribu-
tion by means of random sampling.

Mortality (rate).  The rate to which people die from a disease, e.g., a specific type
of cancer, often expressed as deaths per 100,000 per year.

Multiplicative interaction model (MIM).  The assumption that the relative risk
(the relative excess risk plus one) resulting from the exposure to two risk
factors is the product of the relative risks from the two factors taken sepa-
rately.

Neoplasm.  Any new and abnormal growth, such as a tumor; neoplastic disease
refers to any disease that forms tumors, whether malignant or benign.

Never-smokers.  People who have not smoked cigarettes.
Nonstochastic.  Describes effects whose severity is a function of dose; for these,

a threshold may occur; some examples of somatic effects believed to be
nonstochastic are cataract induction, nonmalignant damage to skin, hema-
tological deficiencies, and impairment of fertility.

Normal distribution.  Referring to the so-called “bell-shaped curve” of randomly
distributed quantities; also referred to as a “Gaussian distribution.”

Nuclide.  A species of atom characterized by the constitution of its nucleus,
which is specified by its atomic mass and atomic number (Z), or by its
number of protons (Z), number of neutrons (N), and energy content.

Oncogenes.  Genes which encode the potential for cancer.
Person-gray.  Unit of population exposure obtained by summing individual dose-

equivalent values for all people in the exposed population.  Thus, the number
of  person-grays by 1 person exposed to 1 Gy is equal to that contributed by
100,000 people each exposed to 10 µGy.

Person-years-at-risk (PYAR).  The number of persons exposed times the numbers
of years after exposure minus some lag period during which the dose is
assumed to be unexpressed (minimum latent period).

Pooled analysis.  When data from more than one study is combined for evaluation.
Potential Alpha Energy Concentration (PAEC).  The concentration of potential

alpha energy from radon progeny suspended in a volume of air.  PAEC is
measured in quantities of  Jm–3 or Working Levels (1 WL = 2.08 × 10–5

Jm–3)
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Prevalence.  The number of cases of a disease in existence at a given time per unit
of population, usually 100,000 persons.

Probability of causation.  A number that expresses the probability that a given
cancer, in a specific tissue, has been caused by a previous exposure to a
carcinogenic agent, such as radiation.

Progeny.  The decay products resulting after a series of radioactive decay.  Prog-
eny can also be radioactive, and the chain continues until a stable nuclide is
formed.

Projection model.  A mathematical model that simultaneously describes the ex-
cess cancer risk at different levels of some factor such as dose, time after
exposure, or baseline level of risk, in terms of a parametric function of that
factor.  It becomes a projection model when data in a particular range of
observations is used to assign values to the parameters in order to estimate
(or project) excess risk for factor values outside that range.

Promoter.  An agent which is not by itself carcinogenic, but which can amplify
the effect of a true carcinogen by increasing the probability of late-stage
cellular changes needed to complete the carcinogenic process.

Protraction.  The spreading out of a radiation dose over time by continuous
delivery at a lower dose rate.

Pulmonary interstitium.  The spacing between the linings in the structure of the
lung.

Quadratic-dose model.  A model which assumes that the excess risk is propor-
tional to the square of the dose.

Quality factor (Q).  An LET-dependent factor by which the absorbed doses
are multiplied to obtain (for radiation protection purposes) a quantity
which corresponds more closely to the degree of the biological effect
produced by x or low-energy gamma rays.  Dose in Gy × Q = Dose
equivalent in Sv.

Rad.  A unit of absorbed dose equal to 100 ergs of energy absorbed per gram of
tissue.  Replaced by the gray in SI units.  100 rad = 1 Gy.  (see Units).

Radiation.  Energy emitted in the form of waves or particles by radioactive atoms
as a result of radioactive decay.

Radioactivity.  The property of nuclide decay in which particles or gamma radia-
tions are usually emitted.

Artificial radioactivity.  Man-made radioactivity produced by fission, fusion,
particle bombardment, or electromagnetic irradiation.

Natural radioactivity.  The property of radioactivity exhibited by more than 50
naturally occurring radionuclides.

Radiogenic.  Caused by radiation.
Radioisotope.  A radioactive atomic species of an element with the same atomic

number and usually identical chemical properties.
Radionuclide.  A radioactive species of an atom characterized by the constitution

of its nucleus.
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Radon.  A naturally occurring radioactive gas produced from uranium; decays to
form radon progeny.

Radon progeny.  The radioactive products formed following the radioactive de-
cay of radon; radionuclides which when inhaled can expose living cells to
their emitted alpha particles.

Relative risk.  An expression of excess risk relative to the underlying (baseline)
risk; if the excess equals the baseline risk the relative risk is 2.

Relative biological effectiveness (RBE).  An adjustment factor used to qualify
an absorbed dose to account for its relative potential to do damage in
biologic tissues.  RBE is standardized to effects caused by x rays of a
standard energy.

Rem.  (rad equivalent mammal); unit of dose equivalent.  The unit of dose equiva-
lent or “rem” is numerically equal to the absorbed dose in “rad” multiplied
by the “quality factor” (see Quality factor), “relative biological effective-
ness” (see Relative biological effectiveness), the distribution factor, and any
other necessary modifying factor.  1 Rem = 0.01 Sievert.

Respiratory epithelium.  The cells lining the lung surfaces.
Retinoblastoma.  An eye tumor that is an example of an inherited malignant

tumor with a dominant autosomal gene inheritance pattern.
Risk.  A chance of injury, loss, or detriment.  A measure of the deleterious effects

that may be expected as the result of an action or inaction.
Risk assessment.  The process by which the risks associated with an action or

inaction are identified and quantified.
Risk coefficient.  The increase in the annual incidence or mortality rate per unit

dose: (1) absolute risk coefficient is the observed minus the expected number
of cases per person year at risk for a unit dose; (2) relative-risk coefficient is
the fractional increase in the baseline incidence or mortality rate for a unit
dose.

Risk estimate.  The number of cases (or deaths) that are projected to occur in a
specified exposed population per unit dose for a specified exposure regime
and expression period: number of cases per person-gray or, for radon, the
number of cases per person cumulative working-level-month.

SI units.  The International Systems of Units as defined by the General Confer-
ence of Weights and Measures  in 1960.  These units are generally based on
meter/kilogram/second units, with special quantities for radiation including
the becquerel, gray, and sievert.

Sievert.  The SI unit of radiation dose equivalent.  It is equal to dose in gray times
a quality factor  or times other modifying factors; for example, a distribution
factor; 1 sievert (Sv) equals 100 rem.  (see Units).

Specific Activity.  Total activity of a given nuclide per gram of a compound,
element, or radioactive nuclide.

Specific energy.  The actual energy per unit mass deposited per unit volume in a
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given event.  This is a stochastic quantity as opposed to the average value
over a larger number of instances (i.e., the absorbed dose).

Squamous cell carcinoma.  A cancer composed of cells that are scaly or platelike.
Standard mortality ratio (SMR).  Standard mortality ratio is the ratio of the

disease or accident mortality rate in a certain specific population compared
with that in a standard population.  The ratio is based on 100 for the standard
so that an SMR of 200 means that the test population has twice the mortality
from that particular cause of death.

Stochastic.  Random events leading to effects whose probability of occurrence in
an exposed population (rather than severity in an affected individual) is a
direct function of dose; these effects are commonly regarded as having no
threshold; hereditary effects are regarded as being stochastic; some somatic
effects, especially carcinogenesis, are regarded as being stochastic.

Submultiplicative effects.  Effects less than the anticipated effect if the joint effect
were the product of the risks from the two agents individually (but more than
if the joint effect were the sum of the individual risks).

Suppressor gene.  A gene which can suppress another gene such as an oncogene.
Changes in suppressor genes can lead to expression by genes such as
oncogenes.

Synergistic.  An increased effectiveness resulting from an interaction between
two agents so that the total effect is greater than the sum of the effects of the
two agents acting alone.

Target cells.  Cells in a tissue that have been determined to be the key cells in
which changes occur in order to produce an endpoint such as cancer.

Threshold hypothesis.  The assumption that no radiation injury occurs below a
specified dose.

Time-since-exposure (TSE) model.  A model in which the risk is not constant but
varies with the time after exposure.

Transfection.  The introduction of DNA into a host cell.
Transformed cells.  Tissue-culture cells changed from growing in an orderly

pattern exhibiting contact inhibition to growing in a pattern more like that of
cancer cells.

Uncertainty.  The range of values within which the true value is estimated to lie.
It is a best estimate of possible inaccuracy due to both random and systemic
errors.
Random Errors.  Errors that vary in a nonreproducible way around a limiting

mean.  These errors can be treated statistically by use of the laws of
probability.

Systemic Errors.  Errors that are reproducible and tend to bias a result in one
direction.  Their causes can be assigned, at least in principle, and they
can have constant and variable components.  Generally, these errors
cannot be treated statistically.
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Units

Unitsa Conversion Factors

Becquerel (SI) 1 disintegration/s = 2.7 × 10–11 Ci
Curie 3.7 × 1010 disintegrations/s = 3.7 × 1010 Bq
Gray (SI) 1 J/kg – 100 rad
Rad 100 erg/g; also 0.01 Gy
Rem 0.01 Sievert
Sievert (SI) 100 Rem

aInternational Units are designated SI.

UNSCEAR.  United Nations Scientific Committee on the Effects of Atomic Radia-
tion publishes periodic reports on sources and effects of ionizing radiation.

Variability.  The variation of a property or a quantity among members of a
population.  Such variation is inherent in nature and is often assumed to be
random.  However, it can sometimes be represented by a frequency distribu-
tion.

Working levels (WL).  Any combination of the short-lived progeny of radon in 1
liter of air, under ambient temperature and pressure, that results in the ulti-
mate emission of 1.3 × 105 MeV of alpha particle energy.  This is approxi-
mately the total amount of energy released over a long period of time by the
short-lived progeny in equilibrium with 100 pCi of radon.  1 WL = 2.08 ×
10–5 Jm–3

Working level months (WLM).  A cumulative exposure equivalent to one working
level for a working month (170 hours).  1 WLM = 2 x 10–5 Jhm–3 × 170 h =
3.5 x 10–3 Jhm–3.

x radiation.  Also x rays; penetrating electromagnetic radiation, usually produced
by bombarding a metallic target with fast electrons in a high vacuum.

Xeroderma pigmentosum (XP).  An inherited disease in which skin cells are
highly susceptible to cancer; XP cells have a defect in DNA repair which
results in the accumulation of DNA damage after ultraviolet irradiation which
apparently accounts for the development of cancer.
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Absolute risk.  An expression of excess risk based on the assumption that the
excess risk from radiation exposure adds to the underlying (baseline) risk by
an increment dependent on dose but independent of the underlying natural
risk.

Absorbed dose.  The mean energy imparted by ionizing radiation to an irradiated
medium per unit mass.  Units: gray (Gy), rad.  1 Gy = 100 rad.

Action level.  A concentration of radon in air that the Environmental Protection
Agency recommends should be the maximum concentration in homes; i.e.,
concentrations above this level should be reduced or mitigated to this level.
In 1998, EPA recommends an action level of 148 Bqm–3 or 4 pCiL–1.

Activity.  The amount of radionuclide radioactivity defined as the mean number of
decays per unit time.  Units: becquerel (Bq), curie (Ci).  1 Bq = 2.7 x 10–11

Ci.
Activity Median Aerodynamic Diameter (AMAD).  The diameter of a unit-density

sphere with the same terminal settling velocity in air as that of the aerosol
particle whose activity is the median for the environment.

Additive effects.  Equal to the sum of effects from two agents when acting alone.
Aerosol.  Solid or liquid particles that are dispersed in a gaseous medium, are able

to remain suspended for a relatively long time, and that have a high surface
area to volume ratio.

Alpha particle.  Two neutrons and two protons bound as a single particle that is
emitted from the nucleus of certain radioactive isotopes in the process of
decay or disintegration. Is positively charged and indistinguishable from a
helium atom nucleus.

Glossary
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Apoptosis.  Programmed cell death.  The cell death is characterized by a distinc-
tive fragmentation of DNA which is regulated by cellular functions.

Attributable risk (AR).  The estimated burden of a disease (such as lung cancer)
that could, in theory, be prevented if all exposures to a particular causative
agent (such as radon) were eliminated.

Background radiation.  The amount of radiation to which a member of the popu-
lation is exposed from natural sources, such as terrestrial radiation due to
naturally occurring radionuclides in the soil, cosmic radiation originating in
outer space, and naturally occurring radionuclides deposited in the human
body.

Baseline rate.  The cancer incidence observed in a population in the absence
of the specific agent being studied; the baseline rate includes cancers
from a number of other causes, such as smoking, background radiation,
etc.

Becquerel (Bq).  SI unit of activity.  (see Units).  1 Bq = 1 disintegration per
second.

BEIR IV.  Refers to the report of the fourth National Research Council Committee
on Biological Effects of Ionizing Radiation; the report was published in
1988.

Bias.  Factors that influence the outcome of data collection such as causing
certain measurements to have a greater chance of being included than others.

Bronchial morphometry.  Characterization of the cellular and anatomical struc-
ture of the bronchial region of the lung.

Cancer.  A malignant tumor of potentially unlimited growth, capable of invading
surrounding tissue or spreading to other parts of the body by metastasis.

Carcinogen.  An agent that is believed to be able to cause cancer.  Ionizing
radiations are physical carcinogens; there are also chemical and biologic
carcinogens and biologic carcinogens may be external (e.g., viruses) or inter-
nal (genetic defects).

Carcinoma.  A malignant tumor (cancer) of epithelial origin.
Case-control study.  An epidemiologic study in which people with disease and a

similarly composed control group are compared in terms of exposures to a
putative causative agent.

Cell Culture.  The growing of cells in vitro (in a glass or plastic container, or in
suspension) in such a manner that the cells are no longer organized into
tissues.

Cohort study.  An epidemiologic study in which groups of people (the cohort) are
identified with respect to the presence of, or absence of, exposure to a dis-
ease-causing agent and in which the outcomes in terms of disease rates are
compared; also called a follow-up study.

Competing risks.  Other causes of death which affect the outcome of the risk
being studied.  Persons dying from other causes are not recorded at risk of
dying from the factor in question.
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Confidence limits or intervals.  A measure of the reliability of a risk estimate.  A
90% confidence interval means that 9 times out of 10 the estimated risk
would be within the specified interval.

Constant relative risk (CRR).  A risk model which assumes that, after a certain
time, the ratio of the risk at a specific dose to the risk in the absence of the
dose does not change with time.

Curie (Ci).  A unit of activity equal to 3.7 x 1010 disintegrations/s or 3.7 x 1010

becquerels.  (see Units).
DNA.  Deoxyribonucleic acid; the genetic material of cells.
Deletions.  Type of mutation in which sections of DNA are removed; can refer to

the removal of a single base or several bases.
Dose.  The quantity of energy or chemical agent delivered to a specific tissue

following exposure.  (see Absorbed dose).
Dose-distribution factor.  A factor which accounts for modification of the dose

effectiveness in cases in which the radionuclide distribution and the resultant
dose are non-uniform.

Dose-effect (dose-response) model.  A mathematical formulation and description
of the way the effect (or biological response) depends on the dose.

Dose equivalent.  A quantity that expresses, for the purposes of radiation pro-
tection and control, an assumed equal biological effectiveness of a given
absorbed dose on a common scale for all kinds of ionizing radiation.  SI unit
is the Sievert (see Units).  1 Sv = 100 rem.

Dose rate.  The quantity of absorbed dose delivered per unit time.
Dose Rate Effectiveness Factor (DREF).  A factor by which the effect caused by

a specific type of radiation changes at low (protracted or fractionated deliv-
ery of dose) as compared to high (or acute) dose rates.

Dosimetric model.  A method for estimating risk based on the use of physical
models for doses to target cells and the use of results from epidemiologic
studies of exposures to humans from other types of radiations.

Ecologic study.  A method of epidemiologic analysis in which, for radon, re-
gional rates of lung cancer are related to the measure of regional radon
concentrations.

Effective attributable risk (EAR).  The reduced attributable risk such as the frac-
tion of total lung-cancer deaths that would be eliminated by implementing a
radon-mitigation scenario.

Electron volt (eV).  A unit of energy = 1.6 x 10–12 ergs or 1.6 x 10–19 J; 1 eV is
equivalent to the energy gained by an electron in passing through a potential
difference of 1 V; 1 keV-1,000 eV; 1 MeV - 1,000,000 eV.

Empirical model.  A model that is derived from measurements in populations as
opposed to a theoretical model.

Epidemiology.  The study of the determinants of the frequency of disease in
humans.  The two main types of epidemiological studies of chronic disease
are cohort (or follow-up) studies and case-control (or retrospective) studies.
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Equilibrium fraction.  In equilibrium, the radioactivity from the parent nuclides
and progeny nuclides are equal.

Etiology.  The science or description of cause(s) of disease.
Ever-smokers.  People who smoked cigarettes for a period of time, regardless of

whether they have stopped smoking.
Excess relative risk (ERR).  A model that describes the risk imposed by exposures

as a multiplicative increment to the excess disease risk above the background
rate of disease.

Exposure.  The condition of having contact with a physical or chemical agent.
Exposure-age-concentration model.  Risk model based on the average radon

concentration.
Exposure-age-duration model.  Risk model based on the duration of exposure to

radon.
Fibrosis.  Damage to normal tissue which results in a modification of tissue

structure but which is not cancer.
Fractionation.  The delivery of a given dose of radiation as several smaller doses,

separated by intervals of time.
Gamma radiation.  Also gamma rays; short wavelength electromagnetic radia-

tion of nuclear origin, similar to x rays but usually of higher energy (100 keV
to several MeV).

Geometric mean.  The geometric mean of a set of positive numbers is the expo-
nential of the arithmetic mean of their logarithms.  The geometric mean of a
lognormal distribution is the exponential of the mean of the associated nor-
mal distribution.

Geometric standard deviation (GSD).  The geometric standard deviation of a
lognormal distribution is the exponential of the standard  deviation of the
associated normal distribution.

Gray (Gy).  SI unit of absorbed dose (see Units).  1 Gy = 100 rad or deposition of
1 joule per Kg.

Half-life, biologic.  Time required for the body to eliminate half of an adminis-
tered dose of any substance by regular processes of elimination; it is approxi-
mately the same for both stable and radioactive isotopes of a particular
element.

Half-life, radioactive.  Time required for a radioactive substance to lose 50% of
its activity by decay.

Histologic types.  Pathologists have identified 4 principal lung cancers based
upon microscopic analysis of cellular characteristics: squamous cell carci-
noma, adenocarcinoma, small cell carcinoma, and large cell carcinoma.

Incidence.  Or incidence rate;  the rate of occurrence of a disease within a speci-
fied period of time, often expressed as a number of cases per 100,000 indi-
viduals per year.

Inhalation.  To draw air into the lungs by breathing; considered an exposure route
for radon and radon progeny.
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In utero.  In the womb, i.e., before birth.
Inverse dose-rate effect.  An effect in which, for a given exposure, the probability

of effect increases as the dose rate is lowered.
In vitro. Refers to cell culture conditions in glass or plastic containers as opposed

to in vivo, in the living individual.
In vivo.  In the living organism.
Ionizing radiation.  Radiation sufficiently energetic to dislodge electrons from an

atom thereby causing an ion pair.  Ionizing radiation includes x and gamma
radiation, electrons (beta radiation), alpha particles (helium nuclei), and
heavier charged atomic nuclei.  Neutrons ionize indirectly by first colliding
with components of atomic nuclei.

Isotopes.  Nuclides that have the same number of protons in their nuclei, and
hence the same atomic number, but that differ in the number of neutrons, and
therefore in the mass number; chemical properties of isotopes of a particular
element are almost identical.

K factor.  A dimensionless parameter in the risk model that characterizes the
comparative doses to lung cells for exposures in homes compared to similar
exposures in mines.

Latent period.  The period of time between exposure and expression of the
disease.  After exposure to a dose of radiation, there is a delay of typically
several years (the latent period) before any cancers are observed.

Life table.  A table showing the number of persons who, of a given number born
or living at a specified age, live to attain successive higher ages, together
with the numbers who die in each interval.

Lifetime relative risk (LRR).  The relative increment in lung cancer risk resulting
from exposure to an agent such as radon.

Linear energy transfer (LET).  Average amount of energy lost per unit track
length.

Low LET radiations.  Light, charged particles such as electrons or x rays and
gamma rays that produce sparse ionizing events far apart on the scale of a
cellular nucleus.

High LET radiations.  Heavy, charged particles such as protons and alpha par-
ticles that produce dense ionizing events close together on the scale of a
cellular nucleus.

Linear (L) model or relationship.  Also, linear dose-effect relationship; expresses
the effect (e.g., mutation or cancer) as a proportional (linear) function of the
dose.

Linear-quadratic (LQ) model.  Also, linear-quadratic dose-effect relationship;
expresses the effect (e.g., mutation or cancer) as a function of two compo-
nents, one directly proportional to the dose (linear term) and one propor-
tional to the square of the dose (quadratic term).  The linear term will pre-
dominate at lower doses, the quadratic term at higher doses.
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Lognormal distribution.  When the logarithms of a randomly distributed quantity
have a normal (Gaussian) distribution.

Mechanistic basis.  An explanation derived from a knowledge of the individual
stages leading to an effect.

Meta-analysis.  A method for analyzing epidemiologic data based on grouping or
pooling information obtained from several studies.

Mitigation.  The act of reducing radon concentrations in homes.
Model.  A schematic description of a system, theory, or phenomenon that ac-

counts for its known or inferred properties and may be used for further study
of its characteristics.

Monte Carlo Calculation.  The method for evaluation of a probability distribu-
tion by means of random sampling.

Mortality (rate).  The rate to which people die from a disease, e.g., a specific type
of cancer, often expressed as deaths per 100,000 per year.

Multiplicative interaction model (MIM).  The assumption that the relative risk
(the relative excess risk plus one) resulting from the exposure to two risk
factors is the product of the relative risks from the two factors taken sepa-
rately.

Neoplasm.  Any new and abnormal growth, such as a tumor; neoplastic disease
refers to any disease that forms tumors, whether malignant or benign.

Never-smokers.  People who have not smoked cigarettes.
Nonstochastic.  Describes effects whose severity is a function of dose; for these,

a threshold may occur; some examples of somatic effects believed to be
nonstochastic are cataract induction, nonmalignant damage to skin, hema-
tological deficiencies, and impairment of fertility.

Normal distribution.  Referring to the so-called “bell-shaped curve” of randomly
distributed quantities; also referred to as a “Gaussian distribution.”

Nuclide.  A species of atom characterized by the constitution of its nucleus,
which is specified by its atomic mass and atomic number (Z), or by its
number of protons (Z), number of neutrons (N), and energy content.

Oncogenes.  Genes which encode the potential for cancer.
Person-gray.  Unit of population exposure obtained by summing individual dose-

equivalent values for all people in the exposed population.  Thus, the number
of  person-grays by 1 person exposed to 1 Gy is equal to that contributed by
100,000 people each exposed to 10 µGy.

Person-years-at-risk (PYAR).  The number of persons exposed times the numbers
of years after exposure minus some lag period during which the dose is
assumed to be unexpressed (minimum latent period).

Pooled analysis.  When data from more than one study is combined for evaluation.
Potential Alpha Energy Concentration (PAEC).  The concentration of potential

alpha energy from radon progeny suspended in a volume of air.  PAEC is
measured in quantities of  Jm–3 or Working Levels (1 WL = 2.08 × 10–5

Jm–3)
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Prevalence.  The number of cases of a disease in existence at a given time per unit
of population, usually 100,000 persons.

Probability of causation.  A number that expresses the probability that a given
cancer, in a specific tissue, has been caused by a previous exposure to a
carcinogenic agent, such as radiation.

Progeny.  The decay products resulting after a series of radioactive decay.  Prog-
eny can also be radioactive, and the chain continues until a stable nuclide is
formed.

Projection model.  A mathematical model that simultaneously describes the ex-
cess cancer risk at different levels of some factor such as dose, time after
exposure, or baseline level of risk, in terms of a parametric function of that
factor.  It becomes a projection model when data in a particular range of
observations is used to assign values to the parameters in order to estimate
(or project) excess risk for factor values outside that range.

Promoter.  An agent which is not by itself carcinogenic, but which can amplify
the effect of a true carcinogen by increasing the probability of late-stage
cellular changes needed to complete the carcinogenic process.

Protraction.  The spreading out of a radiation dose over time by continuous
delivery at a lower dose rate.

Pulmonary interstitium.  The spacing between the linings in the structure of the
lung.

Quadratic-dose model.  A model which assumes that the excess risk is propor-
tional to the square of the dose.

Quality factor (Q).  An LET-dependent factor by which the absorbed doses
are multiplied to obtain (for radiation protection purposes) a quantity
which corresponds more closely to the degree of the biological effect
produced by x or low-energy gamma rays.  Dose in Gy × Q = Dose
equivalent in Sv.

Rad.  A unit of absorbed dose equal to 100 ergs of energy absorbed per gram of
tissue.  Replaced by the gray in SI units.  100 rad = 1 Gy.  (see Units).

Radiation.  Energy emitted in the form of waves or particles by radioactive atoms
as a result of radioactive decay.

Radioactivity.  The property of nuclide decay in which particles or gamma radia-
tions are usually emitted.

Artificial radioactivity.  Man-made radioactivity produced by fission, fusion,
particle bombardment, or electromagnetic irradiation.

Natural radioactivity.  The property of radioactivity exhibited by more than 50
naturally occurring radionuclides.

Radiogenic.  Caused by radiation.
Radioisotope.  A radioactive atomic species of an element with the same atomic

number and usually identical chemical properties.
Radionuclide.  A radioactive species of an atom characterized by the constitution

of its nucleus.
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Radon.  A naturally occurring radioactive gas produced from uranium; decays to
form radon progeny.

Radon progeny.  The radioactive products formed following the radioactive de-
cay of radon; radionuclides which when inhaled can expose living cells to
their emitted alpha particles.

Relative risk.  An expression of excess risk relative to the underlying (baseline)
risk; if the excess equals the baseline risk the relative risk is 2.

Relative biological effectiveness (RBE).  An adjustment factor used to qualify
an absorbed dose to account for its relative potential to do damage in
biologic tissues.  RBE is standardized to effects caused by x rays of a
standard energy.

Rem.  (rad equivalent mammal); unit of dose equivalent.  The unit of dose equiva-
lent or “rem” is numerically equal to the absorbed dose in “rad” multiplied
by the “quality factor” (see Quality factor), “relative biological effective-
ness” (see Relative biological effectiveness), the distribution factor, and any
other necessary modifying factor.  1 Rem = 0.01 Sievert.

Respiratory epithelium.  The cells lining the lung surfaces.
Retinoblastoma.  An eye tumor that is an example of an inherited malignant

tumor with a dominant autosomal gene inheritance pattern.
Risk.  A chance of injury, loss, or detriment.  A measure of the deleterious effects

that may be expected as the result of an action or inaction.
Risk assessment.  The process by which the risks associated with an action or

inaction are identified and quantified.
Risk coefficient.  The increase in the annual incidence or mortality rate per unit

dose: (1) absolute risk coefficient is the observed minus the expected number
of cases per person year at risk for a unit dose; (2) relative-risk coefficient is
the fractional increase in the baseline incidence or mortality rate for a unit
dose.

Risk estimate.  The number of cases (or deaths) that are projected to occur in a
specified exposed population per unit dose for a specified exposure regime
and expression period: number of cases per person-gray or, for radon, the
number of cases per person cumulative working-level-month.

SI units.  The International Systems of Units as defined by the General Confer-
ence of Weights and Measures  in 1960.  These units are generally based on
meter/kilogram/second units, with special quantities for radiation including
the becquerel, gray, and sievert.

Sievert.  The SI unit of radiation dose equivalent.  It is equal to dose in gray times
a quality factor  or times other modifying factors; for example, a distribution
factor; 1 sievert (Sv) equals 100 rem.  (see Units).

Specific Activity.  Total activity of a given nuclide per gram of a compound,
element, or radioactive nuclide.

Specific energy.  The actual energy per unit mass deposited per unit volume in a
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given event.  This is a stochastic quantity as opposed to the average value
over a larger number of instances (i.e., the absorbed dose).

Squamous cell carcinoma.  A cancer composed of cells that are scaly or platelike.
Standard mortality ratio (SMR).  Standard mortality ratio is the ratio of the

disease or accident mortality rate in a certain specific population compared
with that in a standard population.  The ratio is based on 100 for the standard
so that an SMR of 200 means that the test population has twice the mortality
from that particular cause of death.

Stochastic.  Random events leading to effects whose probability of occurrence in
an exposed population (rather than severity in an affected individual) is a
direct function of dose; these effects are commonly regarded as having no
threshold; hereditary effects are regarded as being stochastic; some somatic
effects, especially carcinogenesis, are regarded as being stochastic.

Submultiplicative effects.  Effects less than the anticipated effect if the joint effect
were the product of the risks from the two agents individually (but more than
if the joint effect were the sum of the individual risks).

Suppressor gene.  A gene which can suppress another gene such as an oncogene.
Changes in suppressor genes can lead to expression by genes such as
oncogenes.

Synergistic.  An increased effectiveness resulting from an interaction between
two agents so that the total effect is greater than the sum of the effects of the
two agents acting alone.

Target cells.  Cells in a tissue that have been determined to be the key cells in
which changes occur in order to produce an endpoint such as cancer.

Threshold hypothesis.  The assumption that no radiation injury occurs below a
specified dose.

Time-since-exposure (TSE) model.  A model in which the risk is not constant but
varies with the time after exposure.

Transfection.  The introduction of DNA into a host cell.
Transformed cells.  Tissue-culture cells changed from growing in an orderly

pattern exhibiting contact inhibition to growing in a pattern more like that of
cancer cells.

Uncertainty.  The range of values within which the true value is estimated to lie.
It is a best estimate of possible inaccuracy due to both random and systemic
errors.
Random Errors.  Errors that vary in a nonreproducible way around a limiting

mean.  These errors can be treated statistically by use of the laws of
probability.

Systemic Errors.  Errors that are reproducible and tend to bias a result in one
direction.  Their causes can be assigned, at least in principle, and they
can have constant and variable components.  Generally, these errors
cannot be treated statistically.
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Units

Unitsa Conversion Factors

Becquerel (SI) 1 disintegration/s = 2.7 × 10–11 Ci
Curie 3.7 × 1010 disintegrations/s = 3.7 × 1010 Bq
Gray (SI) 1 J/kg – 100 rad
Rad 100 erg/g; also 0.01 Gy
Rem 0.01 Sievert
Sievert (SI) 100 Rem

aInternational Units are designated SI.

UNSCEAR.  United Nations Scientific Committee on the Effects of Atomic Radia-
tion publishes periodic reports on sources and effects of ionizing radiation.

Variability.  The variation of a property or a quantity among members of a
population.  Such variation is inherent in nature and is often assumed to be
random.  However, it can sometimes be represented by a frequency distribu-
tion.

Working levels (WL).  Any combination of the short-lived progeny of radon in 1
liter of air, under ambient temperature and pressure, that results in the ulti-
mate emission of 1.3 × 105 MeV of alpha particle energy.  This is approxi-
mately the total amount of energy released over a long period of time by the
short-lived progeny in equilibrium with 100 pCi of radon.  1 WL = 2.08 ×
10–5 Jm–3

Working level months (WLM).  A cumulative exposure equivalent to one working
level for a working month (170 hours).  1 WLM = 2 x 10–5 Jhm–3 × 170 h =
3.5 x 10–3 Jhm–3.

x radiation.  Also x rays; penetrating electromagnetic radiation, usually produced
by bombarding a metallic target with fast electrons in a high vacuum.

Xeroderma pigmentosum (XP).  An inherited disease in which skin cells are
highly susceptible to cancer; XP cells have a defect in DNA repair which
results in the accumulation of DNA damage after ultraviolet irradiation which
apparently accounts for the development of cancer.
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Jonathan M. Samet, M.D., M.S., (Chairman), is presently professor and chair-
man of the Department of Epidemiology of the Johns Hopkins University School
of Hygiene and Public Health.  Dr. Samet received a Bachelor’s degree in Chem-
istry and Physics from Harvard College, an M.D. degree from the University of
Rochester School of Medicine and Dentistry, and a Master of Science in epidemi-
ology from the Harvard School of Public Health.  He is trained as a clinician in
the specialty of internal medicine and in the subspecialty of pulmonary diseases.
From 1978 through 1994, he was a member of the Department of Medicine at The
University of New Mexico School of Medicine and he is presently co-director of
the Risk Sciences and Public Policy Institute at the Johns Hopkins University
School of Hygiene and Public Health.  His research has addressed the effects of
environmental agents on human health, including risks of lung cancer and other
diseases in uranium miners.  He was a member of the BEIR IV Committee and
chair of the Panel on Dosimetric Assumptions Affecting the Application of Ra-
don Risk Estimates of the National Research Council.  He has served on the
Science Advisory Board for the U.S. Environmental Protection Agency.  He has
been a member of the Commission on Life Sciences and the Board on Radiation
Effects Research and was elected to the Institute of Medicine in 1997.

David Brenner, Ph.D., is a professor of Radiation Oncology and Public Health
at Columbia University, New York.  He earned a M.Sc. from St. Bartholomews’
Hospital, University of London, in Radiation Physics, a Ph.D. from the Univer-
sity of Surrey in Physics, and has been awarded an honorary D.Sc. degree by
Oxford University.  He is a radiation biophysicist focusing on mechanisms of
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induction of DNA and chromosomal damage by different radiations.  His re-
search also involves modeling and analyzing low dose epidemiological studies,
as well as the analysis and design of fractionation schedules for radiotherapy.  He
has authored books on Radiation, Risk and Remedy and Making the Radiation
Therapy Decision as well as publishing around 120 papers in the peer-reviewed
literature.  He has served on various EPA, NAS, IAEA, and NCRP committees.
He is a past recipient of the Radiation Research Society Annual Research Award,
and the Robert D. Moseley Annual Award from the National Council on Radia-
tion Protection and Measurements.

Antone L. Brooks, Ph.D., is currently working as a senior research scientist at
Washington State University Tri-Cities.  Formerly he was the Cell and Molecular
Biology Group head at Lovelace Inhalation Toxicology Research Institute and
then was the manager of the Cellular and Mammalian Biology section at Battelle
Pacific Northwest Laboratories.  He has conducted extensive research on the
health effects of internally deposited radioactive materials with special emphasis
on the induction of chromosome aberrations and cancer from low-dose and dose-
rate exposures.  His research has used cellular and molecular changes to relate
exposure to dose and to determine the role of early cellular changes during the
process of cancer induction.  He has conducted research using radon in experi-
mental animals and cellular systems and using biodosimetry, has defined the
relationships that exist between exposure, dose, and alpha-particle traversals.  A
major goal of this research is to link mechanistic cellular and molecular biology
studies to human-health risk.

William H. Ellett, Ph.D., is retired and lives in Crofton, Maryland.  He was
formerly a senior staff officer in the Board on Radiation Effects Research at the
National Academy of Sciences.  Dr. Ellett was study director for the BEIR IV and
V Studies of the National Research Council.

Philip K. Hopke, Ph.D., is the R.A Plane Professor of Chemistry at Clarkson
University. He holds a joint appointment in the Department of Civil and Environ-
mental Engineering and was recently appointed as the Dean of the Graduate
School.  Dr. Hopke has been studying radon-progeny behavior since 1975 and
has made major contributions to the understanding of the neutralization, deposi-
tion, and radiolytic formation of particles.  His group has made assessments of
radon decay-product exposure in normally occupied homes and the incremental
effects of showering with radon-laden water.  He has been a member of several
National Research Council committees assessing the risk of exposure to hazard-
ous air pollutants.  He previously served as one of the principal scientists in the
U.S. Department of Energy’s Radon Research Program and was the General
Chair of the Sixth International Symposium on the Natural Radiation Environ-
ment.
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Ethel S. Gilbert, Ph.D., spent several years as a biostatistician and senior staff
scientist at Battelle, Pacific Northwest Laboratories, but recently joined the Ra-
diation Epidemiology Branch of the National Cancer Institute as a special expert.
Her research has focused on epidemiologic studies of nuclear workers, which has
included combined analyses of national and international data and the develop-
ment of statistical methods for examining the relationship of health effects and
low-level chronic radiation exposures.  She has also analyzed data on experimen-
tal animals exposed to radon and to inhaled plutonium.  Dr. Gilbert was a member
of the working group responsible for revising the health effects model in the U.S.
Nuclear Regulatory Commission’s Reactor Safety Study, where she provided and
updated a model for estimating cancer risks.  Dr. Gilbert is a fellow of the
American Statistical Association and a member of the National Council on Ra-
diation Protection and Measurements.

Dudley T. Goodhead, Ph.D., heads the Radiation and Genome Stability Unit of
the Medical Research Council (MRC) in the United Kingdom and he is an honor-
ary professor of Brunel University.  He was formerly deputy director of the MRC
Radiobiology Unit.  Dr. Goodhead earned his D.Phil. from the University of
Oxford in high-energy physics and subsequently held academic appointments at
the Universities of California, London, and Natal.  His own research has been
predominately in the field of the biophysics of radiation effects.  Dr. Goodhead
has served on the Task Group on the Biological Effectiveness of Neutrons of the
Committee on Interagency Radiation Research and Policy Coordination, the Com-
mittee on Medical Aspects of Radiation in the Environment (UK), and other
national and international committees involved with the biological effects of
radiation.  He has served as consultant to the United Nations Scientific Commit-
tee on the Effects of Atomic Radiation, the International Atomic Energy Agency,
and the General Accounting Office of the U.S. Congress.  He is Councillor for
Physics of the International Association of Radiation Research and has served on
the editorial boards of the Radiation Research Journal and the International
Journal of Radiation Biology.

Eric J. Hall, Ph.D., is the Higgins Professor of Radiation Biophysics, professor
of Radiology and Radiation Oncology, and director of the Center for Radiologi-
cal Research.  Dr. Hall received his M.A., D. Phil., and D.Sc. degrees in radiation
biology from Oxford University.  He is past-president of the Radiation Research
Society and currently president-elect of the International Association of Radia-
tion Research and Secretary of the American Radium Society.  He is Senior
editor for biology of the International Journal of Radiation Oncology Biology
Physics.  Dr. Hall  has received the Gold Medal of both the Radiological Society
of North America (1992) and the American Society of Therapeutic Radiology
and Oncology (1993), the Janeway Medal of the American Radium Society as
well as the Failla Medal of the Radiation Research Society (1991).  Dr. Hall is a
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member of the National Council for Radiation Protection and served on the BEIR
V Committee.

Daniel Krewski, Ph.D., M.H.A., is the director of Risk Management, Health
Canada, professor of epidemiology and biostatistics in the Department of Epide-
miology and Community Medicine at the University of Ottawa, and adjunct
research professor of statistics from Carleton University.  Dr. Krewski earned his
M.S. and Ph.D. in mathematics and statistics from Carleton University, and his
M.H.A. from the University of Ottawa.  He is associate editor of Risk Analysis,
the Journal of Epidemiology and Biostatistics, and Regulatory Toxicology and
Pharmacology.  He is currently a member of the NRC Board on Environmental
Studies and Toxicology  and its Committee on Toxicology, and he recently
chaired the NRC’s Colloquium on Scientific Advances and the Future in Toxico-
logic Risk Assessment.

Jay H. Lubin, Ph.D., is a mathematical statistician in the Division of Cancer
Epidemiology and Genetics at the U.S. National Cancer Institute.  He holds a
B.A. and a M.A. in mathematics from the University of California, Los Angeles,
and a Ph.D. in Biostatistics from the University of Washington, Seattle.  He has
been a member of the Regional Advisory Board of the Biometrics Society and a
recipient of the U.S. Public Health Service Special Recognition Award.  He is
currently associate editor of Biometrics.  In 1994, Dr. Lubin was elected a Fellow
of the American Statistical Association.  His statistical research interests are the
design and analysis of epidemiology studies.  Dr. Lubin has conducted extensive
epidemiology research into the etiology of cancer, particularly in the areas of
occupational exposures and radiation, and of lung cancer and exposure to radon
and radon progeny.

Roger O. McClellan, D.V.M., serves as president of the Chemical Industry
Institute of Toxicology located in Research Triangle Park, NC, a position he has
held since 1988.  He is well known for his work in the related fields of toxicology
and risk assessment, especially concerning the potential human risks of airborne
materials.  McClellan has previously served as president of the Society of Toxi-
cology and American Association for Aerosol Research.  He is a Fellow of the
Society for Risk Analysis and an elected member of the Institute of Medicine of
the National Academy of Sciences.  He has served in an advisory role to many
public and private organizations including Chairmanship of the U.S. Environ-
mental Protection Agency Clean Air Scientific Advisory Committee and the
National Research Council Committee on Toxicology.  McClellan is a strong
advocate of the need to integrate data from epidemiological, controlled clinical,
laboratory animal, and cell studies to assess human health risks of occupational or
environmental exposures to chemicals.
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Paul L. Ziemer, Ph.D., is professor and head of the School of Health Sciences,
Purdue University, a position he has held since 1983.  From August, 1990, to
January, 1993, Dr. Ziemer took a leave of absence from Purdue to serve as the
Assistant Secretary of Energy for Environment, Safety, and Health at the U.S.
Department of Energy during the Bush Administration.  He has held several
positions at Purdue relating to health sciences, health physics, and bionucleonics.
As head of the School of Health Sciences, Dr. Ziemer is administratively respon-
sible for teaching and research programs in industrial hygiene, health physics,
medical physics, environmental health, and medical technology.  Dr. Ziemer has
served as a health physicist at Oak Ridge National Laboratory, as a Radiological
Physics Fellow at Vanderbilt University, and as a physicist at the U.S. Naval
Research Laboratory in Washington, D.C.  He is a Certified Health Physicist and
has been national president of the Health Physics Society, president of the Ameri-
can Academy of Health Physics, and a member of the American Board of Health
Physics.
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Absolute risk.  An expression of excess risk based on the assumption that the
excess risk from radiation exposure adds to the underlying (baseline) risk by
an increment dependent on dose but independent of the underlying natural
risk.

Absorbed dose.  The mean energy imparted by ionizing radiation to an irradiated
medium per unit mass.  Units: gray (Gy), rad.  1 Gy = 100 rad.

Action level.  A concentration of radon in air that the Environmental Protection
Agency recommends should be the maximum concentration in homes; i.e.,
concentrations above this level should be reduced or mitigated to this level.
In 1998, EPA recommends an action level of 148 Bqm–3 or 4 pCiL–1.

Activity.  The amount of radionuclide radioactivity defined as the mean number of
decays per unit time.  Units: becquerel (Bq), curie (Ci).  1 Bq = 2.7 x 10–11

Ci.
Activity Median Aerodynamic Diameter (AMAD).  The diameter of a unit-density

sphere with the same terminal settling velocity in air as that of the aerosol
particle whose activity is the median for the environment.

Additive effects.  Equal to the sum of effects from two agents when acting alone.
Aerosol.  Solid or liquid particles that are dispersed in a gaseous medium, are able

to remain suspended for a relatively long time, and that have a high surface
area to volume ratio.

Alpha particle.  Two neutrons and two protons bound as a single particle that is
emitted from the nucleus of certain radioactive isotopes in the process of
decay or disintegration. Is positively charged and indistinguishable from a
helium atom nucleus.

Glossary
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Apoptosis.  Programmed cell death.  The cell death is characterized by a distinc-
tive fragmentation of DNA which is regulated by cellular functions.

Attributable risk (AR).  The estimated burden of a disease (such as lung cancer)
that could, in theory, be prevented if all exposures to a particular causative
agent (such as radon) were eliminated.

Background radiation.  The amount of radiation to which a member of the popu-
lation is exposed from natural sources, such as terrestrial radiation due to
naturally occurring radionuclides in the soil, cosmic radiation originating in
outer space, and naturally occurring radionuclides deposited in the human
body.

Baseline rate.  The cancer incidence observed in a population in the absence
of the specific agent being studied; the baseline rate includes cancers
from a number of other causes, such as smoking, background radiation,
etc.

Becquerel (Bq).  SI unit of activity.  (see Units).  1 Bq = 1 disintegration per
second.

BEIR IV.  Refers to the report of the fourth National Research Council Committee
on Biological Effects of Ionizing Radiation; the report was published in
1988.

Bias.  Factors that influence the outcome of data collection such as causing
certain measurements to have a greater chance of being included than others.

Bronchial morphometry.  Characterization of the cellular and anatomical struc-
ture of the bronchial region of the lung.

Cancer.  A malignant tumor of potentially unlimited growth, capable of invading
surrounding tissue or spreading to other parts of the body by metastasis.

Carcinogen.  An agent that is believed to be able to cause cancer.  Ionizing
radiations are physical carcinogens; there are also chemical and biologic
carcinogens and biologic carcinogens may be external (e.g., viruses) or inter-
nal (genetic defects).

Carcinoma.  A malignant tumor (cancer) of epithelial origin.
Case-control study.  An epidemiologic study in which people with disease and a

similarly composed control group are compared in terms of exposures to a
putative causative agent.

Cell Culture.  The growing of cells in vitro (in a glass or plastic container, or in
suspension) in such a manner that the cells are no longer organized into
tissues.

Cohort study.  An epidemiologic study in which groups of people (the cohort) are
identified with respect to the presence of, or absence of, exposure to a dis-
ease-causing agent and in which the outcomes in terms of disease rates are
compared; also called a follow-up study.

Competing risks.  Other causes of death which affect the outcome of the risk
being studied.  Persons dying from other causes are not recorded at risk of
dying from the factor in question.
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Confidence limits or intervals.  A measure of the reliability of a risk estimate.  A
90% confidence interval means that 9 times out of 10 the estimated risk
would be within the specified interval.

Constant relative risk (CRR).  A risk model which assumes that, after a certain
time, the ratio of the risk at a specific dose to the risk in the absence of the
dose does not change with time.

Curie (Ci).  A unit of activity equal to 3.7 x 1010 disintegrations/s or 3.7 x 1010

becquerels.  (see Units).
DNA.  Deoxyribonucleic acid; the genetic material of cells.
Deletions.  Type of mutation in which sections of DNA are removed; can refer to

the removal of a single base or several bases.
Dose.  The quantity of energy or chemical agent delivered to a specific tissue

following exposure.  (see Absorbed dose).
Dose-distribution factor.  A factor which accounts for modification of the dose

effectiveness in cases in which the radionuclide distribution and the resultant
dose are non-uniform.

Dose-effect (dose-response) model.  A mathematical formulation and description
of the way the effect (or biological response) depends on the dose.

Dose equivalent.  A quantity that expresses, for the purposes of radiation pro-
tection and control, an assumed equal biological effectiveness of a given
absorbed dose on a common scale for all kinds of ionizing radiation.  SI unit
is the Sievert (see Units).  1 Sv = 100 rem.

Dose rate.  The quantity of absorbed dose delivered per unit time.
Dose Rate Effectiveness Factor (DREF).  A factor by which the effect caused by

a specific type of radiation changes at low (protracted or fractionated deliv-
ery of dose) as compared to high (or acute) dose rates.

Dosimetric model.  A method for estimating risk based on the use of physical
models for doses to target cells and the use of results from epidemiologic
studies of exposures to humans from other types of radiations.

Ecologic study.  A method of epidemiologic analysis in which, for radon, re-
gional rates of lung cancer are related to the measure of regional radon
concentrations.

Effective attributable risk (EAR).  The reduced attributable risk such as the frac-
tion of total lung-cancer deaths that would be eliminated by implementing a
radon-mitigation scenario.

Electron volt (eV).  A unit of energy = 1.6 x 10–12 ergs or 1.6 x 10–19 J; 1 eV is
equivalent to the energy gained by an electron in passing through a potential
difference of 1 V; 1 keV-1,000 eV; 1 MeV - 1,000,000 eV.

Empirical model.  A model that is derived from measurements in populations as
opposed to a theoretical model.

Epidemiology.  The study of the determinants of the frequency of disease in
humans.  The two main types of epidemiological studies of chronic disease
are cohort (or follow-up) studies and case-control (or retrospective) studies.
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Equilibrium fraction.  In equilibrium, the radioactivity from the parent nuclides
and progeny nuclides are equal.

Etiology.  The science or description of cause(s) of disease.
Ever-smokers.  People who smoked cigarettes for a period of time, regardless of

whether they have stopped smoking.
Excess relative risk (ERR).  A model that describes the risk imposed by exposures

as a multiplicative increment to the excess disease risk above the background
rate of disease.

Exposure.  The condition of having contact with a physical or chemical agent.
Exposure-age-concentration model.  Risk model based on the average radon

concentration.
Exposure-age-duration model.  Risk model based on the duration of exposure to

radon.
Fibrosis.  Damage to normal tissue which results in a modification of tissue

structure but which is not cancer.
Fractionation.  The delivery of a given dose of radiation as several smaller doses,

separated by intervals of time.
Gamma radiation.  Also gamma rays; short wavelength electromagnetic radia-

tion of nuclear origin, similar to x rays but usually of higher energy (100 keV
to several MeV).

Geometric mean.  The geometric mean of a set of positive numbers is the expo-
nential of the arithmetic mean of their logarithms.  The geometric mean of a
lognormal distribution is the exponential of the mean of the associated nor-
mal distribution.

Geometric standard deviation (GSD).  The geometric standard deviation of a
lognormal distribution is the exponential of the standard  deviation of the
associated normal distribution.

Gray (Gy).  SI unit of absorbed dose (see Units).  1 Gy = 100 rad or deposition of
1 joule per Kg.

Half-life, biologic.  Time required for the body to eliminate half of an adminis-
tered dose of any substance by regular processes of elimination; it is approxi-
mately the same for both stable and radioactive isotopes of a particular
element.

Half-life, radioactive.  Time required for a radioactive substance to lose 50% of
its activity by decay.

Histologic types.  Pathologists have identified 4 principal lung cancers based
upon microscopic analysis of cellular characteristics: squamous cell carci-
noma, adenocarcinoma, small cell carcinoma, and large cell carcinoma.

Incidence.  Or incidence rate;  the rate of occurrence of a disease within a speci-
fied period of time, often expressed as a number of cases per 100,000 indi-
viduals per year.

Inhalation.  To draw air into the lungs by breathing; considered an exposure route
for radon and radon progeny.
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In utero.  In the womb, i.e., before birth.
Inverse dose-rate effect.  An effect in which, for a given exposure, the probability

of effect increases as the dose rate is lowered.
In vitro. Refers to cell culture conditions in glass or plastic containers as opposed

to in vivo, in the living individual.
In vivo.  In the living organism.
Ionizing radiation.  Radiation sufficiently energetic to dislodge electrons from an

atom thereby causing an ion pair.  Ionizing radiation includes x and gamma
radiation, electrons (beta radiation), alpha particles (helium nuclei), and
heavier charged atomic nuclei.  Neutrons ionize indirectly by first colliding
with components of atomic nuclei.

Isotopes.  Nuclides that have the same number of protons in their nuclei, and
hence the same atomic number, but that differ in the number of neutrons, and
therefore in the mass number; chemical properties of isotopes of a particular
element are almost identical.

K factor.  A dimensionless parameter in the risk model that characterizes the
comparative doses to lung cells for exposures in homes compared to similar
exposures in mines.

Latent period.  The period of time between exposure and expression of the
disease.  After exposure to a dose of radiation, there is a delay of typically
several years (the latent period) before any cancers are observed.

Life table.  A table showing the number of persons who, of a given number born
or living at a specified age, live to attain successive higher ages, together
with the numbers who die in each interval.

Lifetime relative risk (LRR).  The relative increment in lung cancer risk resulting
from exposure to an agent such as radon.

Linear energy transfer (LET).  Average amount of energy lost per unit track
length.

Low LET radiations.  Light, charged particles such as electrons or x rays and
gamma rays that produce sparse ionizing events far apart on the scale of a
cellular nucleus.

High LET radiations.  Heavy, charged particles such as protons and alpha par-
ticles that produce dense ionizing events close together on the scale of a
cellular nucleus.

Linear (L) model or relationship.  Also, linear dose-effect relationship; expresses
the effect (e.g., mutation or cancer) as a proportional (linear) function of the
dose.

Linear-quadratic (LQ) model.  Also, linear-quadratic dose-effect relationship;
expresses the effect (e.g., mutation or cancer) as a function of two compo-
nents, one directly proportional to the dose (linear term) and one propor-
tional to the square of the dose (quadratic term).  The linear term will pre-
dominate at lower doses, the quadratic term at higher doses.
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Lognormal distribution.  When the logarithms of a randomly distributed quantity
have a normal (Gaussian) distribution.

Mechanistic basis.  An explanation derived from a knowledge of the individual
stages leading to an effect.

Meta-analysis.  A method for analyzing epidemiologic data based on grouping or
pooling information obtained from several studies.

Mitigation.  The act of reducing radon concentrations in homes.
Model.  A schematic description of a system, theory, or phenomenon that ac-

counts for its known or inferred properties and may be used for further study
of its characteristics.

Monte Carlo Calculation.  The method for evaluation of a probability distribu-
tion by means of random sampling.

Mortality (rate).  The rate to which people die from a disease, e.g., a specific type
of cancer, often expressed as deaths per 100,000 per year.

Multiplicative interaction model (MIM).  The assumption that the relative risk
(the relative excess risk plus one) resulting from the exposure to two risk
factors is the product of the relative risks from the two factors taken sepa-
rately.

Neoplasm.  Any new and abnormal growth, such as a tumor; neoplastic disease
refers to any disease that forms tumors, whether malignant or benign.

Never-smokers.  People who have not smoked cigarettes.
Nonstochastic.  Describes effects whose severity is a function of dose; for these,

a threshold may occur; some examples of somatic effects believed to be
nonstochastic are cataract induction, nonmalignant damage to skin, hema-
tological deficiencies, and impairment of fertility.

Normal distribution.  Referring to the so-called “bell-shaped curve” of randomly
distributed quantities; also referred to as a “Gaussian distribution.”

Nuclide.  A species of atom characterized by the constitution of its nucleus,
which is specified by its atomic mass and atomic number (Z), or by its
number of protons (Z), number of neutrons (N), and energy content.

Oncogenes.  Genes which encode the potential for cancer.
Person-gray.  Unit of population exposure obtained by summing individual dose-

equivalent values for all people in the exposed population.  Thus, the number
of  person-grays by 1 person exposed to 1 Gy is equal to that contributed by
100,000 people each exposed to 10 µGy.

Person-years-at-risk (PYAR).  The number of persons exposed times the numbers
of years after exposure minus some lag period during which the dose is
assumed to be unexpressed (minimum latent period).

Pooled analysis.  When data from more than one study is combined for evaluation.
Potential Alpha Energy Concentration (PAEC).  The concentration of potential

alpha energy from radon progeny suspended in a volume of air.  PAEC is
measured in quantities of  Jm–3 or Working Levels (1 WL = 2.08 × 10–5

Jm–3)
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Prevalence.  The number of cases of a disease in existence at a given time per unit
of population, usually 100,000 persons.

Probability of causation.  A number that expresses the probability that a given
cancer, in a specific tissue, has been caused by a previous exposure to a
carcinogenic agent, such as radiation.

Progeny.  The decay products resulting after a series of radioactive decay.  Prog-
eny can also be radioactive, and the chain continues until a stable nuclide is
formed.

Projection model.  A mathematical model that simultaneously describes the ex-
cess cancer risk at different levels of some factor such as dose, time after
exposure, or baseline level of risk, in terms of a parametric function of that
factor.  It becomes a projection model when data in a particular range of
observations is used to assign values to the parameters in order to estimate
(or project) excess risk for factor values outside that range.

Promoter.  An agent which is not by itself carcinogenic, but which can amplify
the effect of a true carcinogen by increasing the probability of late-stage
cellular changes needed to complete the carcinogenic process.

Protraction.  The spreading out of a radiation dose over time by continuous
delivery at a lower dose rate.

Pulmonary interstitium.  The spacing between the linings in the structure of the
lung.

Quadratic-dose model.  A model which assumes that the excess risk is propor-
tional to the square of the dose.

Quality factor (Q).  An LET-dependent factor by which the absorbed doses
are multiplied to obtain (for radiation protection purposes) a quantity
which corresponds more closely to the degree of the biological effect
produced by x or low-energy gamma rays.  Dose in Gy × Q = Dose
equivalent in Sv.

Rad.  A unit of absorbed dose equal to 100 ergs of energy absorbed per gram of
tissue.  Replaced by the gray in SI units.  100 rad = 1 Gy.  (see Units).

Radiation.  Energy emitted in the form of waves or particles by radioactive atoms
as a result of radioactive decay.

Radioactivity.  The property of nuclide decay in which particles or gamma radia-
tions are usually emitted.

Artificial radioactivity.  Man-made radioactivity produced by fission, fusion,
particle bombardment, or electromagnetic irradiation.

Natural radioactivity.  The property of radioactivity exhibited by more than 50
naturally occurring radionuclides.

Radiogenic.  Caused by radiation.
Radioisotope.  A radioactive atomic species of an element with the same atomic

number and usually identical chemical properties.
Radionuclide.  A radioactive species of an atom characterized by the constitution

of its nucleus.
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Radon.  A naturally occurring radioactive gas produced from uranium; decays to
form radon progeny.

Radon progeny.  The radioactive products formed following the radioactive de-
cay of radon; radionuclides which when inhaled can expose living cells to
their emitted alpha particles.

Relative risk.  An expression of excess risk relative to the underlying (baseline)
risk; if the excess equals the baseline risk the relative risk is 2.

Relative biological effectiveness (RBE).  An adjustment factor used to qualify
an absorbed dose to account for its relative potential to do damage in
biologic tissues.  RBE is standardized to effects caused by x rays of a
standard energy.

Rem.  (rad equivalent mammal); unit of dose equivalent.  The unit of dose equiva-
lent or “rem” is numerically equal to the absorbed dose in “rad” multiplied
by the “quality factor” (see Quality factor), “relative biological effective-
ness” (see Relative biological effectiveness), the distribution factor, and any
other necessary modifying factor.  1 Rem = 0.01 Sievert.

Respiratory epithelium.  The cells lining the lung surfaces.
Retinoblastoma.  An eye tumor that is an example of an inherited malignant

tumor with a dominant autosomal gene inheritance pattern.
Risk.  A chance of injury, loss, or detriment.  A measure of the deleterious effects

that may be expected as the result of an action or inaction.
Risk assessment.  The process by which the risks associated with an action or

inaction are identified and quantified.
Risk coefficient.  The increase in the annual incidence or mortality rate per unit

dose: (1) absolute risk coefficient is the observed minus the expected number
of cases per person year at risk for a unit dose; (2) relative-risk coefficient is
the fractional increase in the baseline incidence or mortality rate for a unit
dose.

Risk estimate.  The number of cases (or deaths) that are projected to occur in a
specified exposed population per unit dose for a specified exposure regime
and expression period: number of cases per person-gray or, for radon, the
number of cases per person cumulative working-level-month.

SI units.  The International Systems of Units as defined by the General Confer-
ence of Weights and Measures  in 1960.  These units are generally based on
meter/kilogram/second units, with special quantities for radiation including
the becquerel, gray, and sievert.

Sievert.  The SI unit of radiation dose equivalent.  It is equal to dose in gray times
a quality factor  or times other modifying factors; for example, a distribution
factor; 1 sievert (Sv) equals 100 rem.  (see Units).

Specific Activity.  Total activity of a given nuclide per gram of a compound,
element, or radioactive nuclide.

Specific energy.  The actual energy per unit mass deposited per unit volume in a
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given event.  This is a stochastic quantity as opposed to the average value
over a larger number of instances (i.e., the absorbed dose).

Squamous cell carcinoma.  A cancer composed of cells that are scaly or platelike.
Standard mortality ratio (SMR).  Standard mortality ratio is the ratio of the

disease or accident mortality rate in a certain specific population compared
with that in a standard population.  The ratio is based on 100 for the standard
so that an SMR of 200 means that the test population has twice the mortality
from that particular cause of death.

Stochastic.  Random events leading to effects whose probability of occurrence in
an exposed population (rather than severity in an affected individual) is a
direct function of dose; these effects are commonly regarded as having no
threshold; hereditary effects are regarded as being stochastic; some somatic
effects, especially carcinogenesis, are regarded as being stochastic.

Submultiplicative effects.  Effects less than the anticipated effect if the joint effect
were the product of the risks from the two agents individually (but more than
if the joint effect were the sum of the individual risks).

Suppressor gene.  A gene which can suppress another gene such as an oncogene.
Changes in suppressor genes can lead to expression by genes such as
oncogenes.

Synergistic.  An increased effectiveness resulting from an interaction between
two agents so that the total effect is greater than the sum of the effects of the
two agents acting alone.

Target cells.  Cells in a tissue that have been determined to be the key cells in
which changes occur in order to produce an endpoint such as cancer.

Threshold hypothesis.  The assumption that no radiation injury occurs below a
specified dose.

Time-since-exposure (TSE) model.  A model in which the risk is not constant but
varies with the time after exposure.

Transfection.  The introduction of DNA into a host cell.
Transformed cells.  Tissue-culture cells changed from growing in an orderly

pattern exhibiting contact inhibition to growing in a pattern more like that of
cancer cells.

Uncertainty.  The range of values within which the true value is estimated to lie.
It is a best estimate of possible inaccuracy due to both random and systemic
errors.
Random Errors.  Errors that vary in a nonreproducible way around a limiting

mean.  These errors can be treated statistically by use of the laws of
probability.

Systemic Errors.  Errors that are reproducible and tend to bias a result in one
direction.  Their causes can be assigned, at least in principle, and they
can have constant and variable components.  Generally, these errors
cannot be treated statistically.
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Units

Unitsa Conversion Factors

Becquerel (SI) 1 disintegration/s = 2.7 × 10–11 Ci
Curie 3.7 × 1010 disintegrations/s = 3.7 × 1010 Bq
Gray (SI) 1 J/kg – 100 rad
Rad 100 erg/g; also 0.01 Gy
Rem 0.01 Sievert
Sievert (SI) 100 Rem

aInternational Units are designated SI.

UNSCEAR.  United Nations Scientific Committee on the Effects of Atomic Radia-
tion publishes periodic reports on sources and effects of ionizing radiation.

Variability.  The variation of a property or a quantity among members of a
population.  Such variation is inherent in nature and is often assumed to be
random.  However, it can sometimes be represented by a frequency distribu-
tion.

Working levels (WL).  Any combination of the short-lived progeny of radon in 1
liter of air, under ambient temperature and pressure, that results in the ulti-
mate emission of 1.3 × 105 MeV of alpha particle energy.  This is approxi-
mately the total amount of energy released over a long period of time by the
short-lived progeny in equilibrium with 100 pCi of radon.  1 WL = 2.08 ×
10–5 Jm–3

Working level months (WLM).  A cumulative exposure equivalent to one working
level for a working month (170 hours).  1 WLM = 2 x 10–5 Jhm–3 × 170 h =
3.5 x 10–3 Jhm–3.

x radiation.  Also x rays; penetrating electromagnetic radiation, usually produced
by bombarding a metallic target with fast electrons in a high vacuum.

Xeroderma pigmentosum (XP).  An inherited disease in which skin cells are
highly susceptible to cancer; XP cells have a defect in DNA repair which
results in the accumulation of DNA damage after ultraviolet irradiation which
apparently accounts for the development of cancer.
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Jonathan M. Samet, M.D., M.S., (Chairman), is presently professor and chair-
man of the Department of Epidemiology of the Johns Hopkins University School
of Hygiene and Public Health.  Dr. Samet received a Bachelor’s degree in Chem-
istry and Physics from Harvard College, an M.D. degree from the University of
Rochester School of Medicine and Dentistry, and a Master of Science in epidemi-
ology from the Harvard School of Public Health.  He is trained as a clinician in
the specialty of internal medicine and in the subspecialty of pulmonary diseases.
From 1978 through 1994, he was a member of the Department of Medicine at The
University of New Mexico School of Medicine and he is presently co-director of
the Risk Sciences and Public Policy Institute at the Johns Hopkins University
School of Hygiene and Public Health.  His research has addressed the effects of
environmental agents on human health, including risks of lung cancer and other
diseases in uranium miners.  He was a member of the BEIR IV Committee and
chair of the Panel on Dosimetric Assumptions Affecting the Application of Ra-
don Risk Estimates of the National Research Council.  He has served on the
Science Advisory Board for the U.S. Environmental Protection Agency.  He has
been a member of the Commission on Life Sciences and the Board on Radiation
Effects Research and was elected to the Institute of Medicine in 1997.

David Brenner, Ph.D., is a professor of Radiation Oncology and Public Health
at Columbia University, New York.  He earned a M.Sc. from St. Bartholomews’
Hospital, University of London, in Radiation Physics, a Ph.D. from the Univer-
sity of Surrey in Physics, and has been awarded an honorary D.Sc. degree by
Oxford University.  He is a radiation biophysicist focusing on mechanisms of
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induction of DNA and chromosomal damage by different radiations.  His re-
search also involves modeling and analyzing low dose epidemiological studies,
as well as the analysis and design of fractionation schedules for radiotherapy.  He
has authored books on Radiation, Risk and Remedy and Making the Radiation
Therapy Decision as well as publishing around 120 papers in the peer-reviewed
literature.  He has served on various EPA, NAS, IAEA, and NCRP committees.
He is a past recipient of the Radiation Research Society Annual Research Award,
and the Robert D. Moseley Annual Award from the National Council on Radia-
tion Protection and Measurements.

Antone L. Brooks, Ph.D., is currently working as a senior research scientist at
Washington State University Tri-Cities.  Formerly he was the Cell and Molecular
Biology Group head at Lovelace Inhalation Toxicology Research Institute and
then was the manager of the Cellular and Mammalian Biology section at Battelle
Pacific Northwest Laboratories.  He has conducted extensive research on the
health effects of internally deposited radioactive materials with special emphasis
on the induction of chromosome aberrations and cancer from low-dose and dose-
rate exposures.  His research has used cellular and molecular changes to relate
exposure to dose and to determine the role of early cellular changes during the
process of cancer induction.  He has conducted research using radon in experi-
mental animals and cellular systems and using biodosimetry, has defined the
relationships that exist between exposure, dose, and alpha-particle traversals.  A
major goal of this research is to link mechanistic cellular and molecular biology
studies to human-health risk.

William H. Ellett, Ph.D., is retired and lives in Crofton, Maryland.  He was
formerly a senior staff officer in the Board on Radiation Effects Research at the
National Academy of Sciences.  Dr. Ellett was study director for the BEIR IV and
V Studies of the National Research Council.

Philip K. Hopke, Ph.D., is the R.A Plane Professor of Chemistry at Clarkson
University. He holds a joint appointment in the Department of Civil and Environ-
mental Engineering and was recently appointed as the Dean of the Graduate
School.  Dr. Hopke has been studying radon-progeny behavior since 1975 and
has made major contributions to the understanding of the neutralization, deposi-
tion, and radiolytic formation of particles.  His group has made assessments of
radon decay-product exposure in normally occupied homes and the incremental
effects of showering with radon-laden water.  He has been a member of several
National Research Council committees assessing the risk of exposure to hazard-
ous air pollutants.  He previously served as one of the principal scientists in the
U.S. Department of Energy’s Radon Research Program and was the General
Chair of the Sixth International Symposium on the Natural Radiation Environ-
ment.
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Ethel S. Gilbert, Ph.D., spent several years as a biostatistician and senior staff
scientist at Battelle, Pacific Northwest Laboratories, but recently joined the Ra-
diation Epidemiology Branch of the National Cancer Institute as a special expert.
Her research has focused on epidemiologic studies of nuclear workers, which has
included combined analyses of national and international data and the develop-
ment of statistical methods for examining the relationship of health effects and
low-level chronic radiation exposures.  She has also analyzed data on experimen-
tal animals exposed to radon and to inhaled plutonium.  Dr. Gilbert was a member
of the working group responsible for revising the health effects model in the U.S.
Nuclear Regulatory Commission’s Reactor Safety Study, where she provided and
updated a model for estimating cancer risks.  Dr. Gilbert is a fellow of the
American Statistical Association and a member of the National Council on Ra-
diation Protection and Measurements.

Dudley T. Goodhead, Ph.D., heads the Radiation and Genome Stability Unit of
the Medical Research Council (MRC) in the United Kingdom and he is an honor-
ary professor of Brunel University.  He was formerly deputy director of the MRC
Radiobiology Unit.  Dr. Goodhead earned his D.Phil. from the University of
Oxford in high-energy physics and subsequently held academic appointments at
the Universities of California, London, and Natal.  His own research has been
predominately in the field of the biophysics of radiation effects.  Dr. Goodhead
has served on the Task Group on the Biological Effectiveness of Neutrons of the
Committee on Interagency Radiation Research and Policy Coordination, the Com-
mittee on Medical Aspects of Radiation in the Environment (UK), and other
national and international committees involved with the biological effects of
radiation.  He has served as consultant to the United Nations Scientific Commit-
tee on the Effects of Atomic Radiation, the International Atomic Energy Agency,
and the General Accounting Office of the U.S. Congress.  He is Councillor for
Physics of the International Association of Radiation Research and has served on
the editorial boards of the Radiation Research Journal and the International
Journal of Radiation Biology.

Eric J. Hall, Ph.D., is the Higgins Professor of Radiation Biophysics, professor
of Radiology and Radiation Oncology, and director of the Center for Radiologi-
cal Research.  Dr. Hall received his M.A., D. Phil., and D.Sc. degrees in radiation
biology from Oxford University.  He is past-president of the Radiation Research
Society and currently president-elect of the International Association of Radia-
tion Research and Secretary of the American Radium Society.  He is Senior
editor for biology of the International Journal of Radiation Oncology Biology
Physics.  Dr. Hall  has received the Gold Medal of both the Radiological Society
of North America (1992) and the American Society of Therapeutic Radiology
and Oncology (1993), the Janeway Medal of the American Radium Society as
well as the Failla Medal of the Radiation Research Society (1991).  Dr. Hall is a
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member of the National Council for Radiation Protection and served on the BEIR
V Committee.

Daniel Krewski, Ph.D., M.H.A., is the director of Risk Management, Health
Canada, professor of epidemiology and biostatistics in the Department of Epide-
miology and Community Medicine at the University of Ottawa, and adjunct
research professor of statistics from Carleton University.  Dr. Krewski earned his
M.S. and Ph.D. in mathematics and statistics from Carleton University, and his
M.H.A. from the University of Ottawa.  He is associate editor of Risk Analysis,
the Journal of Epidemiology and Biostatistics, and Regulatory Toxicology and
Pharmacology.  He is currently a member of the NRC Board on Environmental
Studies and Toxicology  and its Committee on Toxicology, and he recently
chaired the NRC’s Colloquium on Scientific Advances and the Future in Toxico-
logic Risk Assessment.

Jay H. Lubin, Ph.D., is a mathematical statistician in the Division of Cancer
Epidemiology and Genetics at the U.S. National Cancer Institute.  He holds a
B.A. and a M.A. in mathematics from the University of California, Los Angeles,
and a Ph.D. in Biostatistics from the University of Washington, Seattle.  He has
been a member of the Regional Advisory Board of the Biometrics Society and a
recipient of the U.S. Public Health Service Special Recognition Award.  He is
currently associate editor of Biometrics.  In 1994, Dr. Lubin was elected a Fellow
of the American Statistical Association.  His statistical research interests are the
design and analysis of epidemiology studies.  Dr. Lubin has conducted extensive
epidemiology research into the etiology of cancer, particularly in the areas of
occupational exposures and radiation, and of lung cancer and exposure to radon
and radon progeny.

Roger O. McClellan, D.V.M., serves as president of the Chemical Industry
Institute of Toxicology located in Research Triangle Park, NC, a position he has
held since 1988.  He is well known for his work in the related fields of toxicology
and risk assessment, especially concerning the potential human risks of airborne
materials.  McClellan has previously served as president of the Society of Toxi-
cology and American Association for Aerosol Research.  He is a Fellow of the
Society for Risk Analysis and an elected member of the Institute of Medicine of
the National Academy of Sciences.  He has served in an advisory role to many
public and private organizations including Chairmanship of the U.S. Environ-
mental Protection Agency Clean Air Scientific Advisory Committee and the
National Research Council Committee on Toxicology.  McClellan is a strong
advocate of the need to integrate data from epidemiological, controlled clinical,
laboratory animal, and cell studies to assess human health risks of occupational or
environmental exposures to chemicals.
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Paul L. Ziemer, Ph.D., is professor and head of the School of Health Sciences,
Purdue University, a position he has held since 1983.  From August, 1990, to
January, 1993, Dr. Ziemer took a leave of absence from Purdue to serve as the
Assistant Secretary of Energy for Environment, Safety, and Health at the U.S.
Department of Energy during the Bush Administration.  He has held several
positions at Purdue relating to health sciences, health physics, and bionucleonics.
As head of the School of Health Sciences, Dr. Ziemer is administratively respon-
sible for teaching and research programs in industrial hygiene, health physics,
medical physics, environmental health, and medical technology.  Dr. Ziemer has
served as a health physicist at Oak Ridge National Laboratory, as a Radiological
Physics Fellow at Vanderbilt University, and as a physicist at the U.S. Naval
Research Laboratory in Washington, D.C.  He is a Certified Health Physicist and
has been national president of the Health Physics Society, president of the Ameri-
can Academy of Health Physics, and a member of the American Board of Health
Physics.



Copyright © National Academy of Sciences. All rights reserved.

Health Effects of Exposure to Radon: BEIR VI
http://www.nap.edu/catalog/5499.html

487

Index

A

Absolute risk, 43-44, 64, 74, 75, 90, 134-135,
137, 164, 201, 226-228, 301

Action levels
EPA, 3, 13, 19, 24, 31, 94, 356, 357
foreign authorities, 31, 358

Adenocarcinomas, 33, 239, 249, 250, 251, 346,
355, 386, 390, 392, 396, 398, 399,
402-410 (passim), 414, 415

Aerosol characteristics, general, 199, 203, 208,
214, 223

mine measurements, 219, 194
size distribution, 31, 180-181, 183-184, 311
smoking-generated, 252

Age factors, 31, 71, 82, 83, 88, 89, 102, 103,
104, 110, 137, 140, 141, 144, 167,
210, 212, 213, 255, 274

attained age, 8, 74, 75-76, 80-84 (passim),
110, 114, 134-139 (passim), 144, 147,
149, 151, 257-272 (passim), 275, 280,
281, 285, 286, 287, 376

diesel fumes as carcinogen, 352
dosimetry, 9, 119
ecologic studies, 360, 361, 366-360, 376
exposure-age-concentration, 8, 11, 12, 14,

15, 18, 25-26,
80-82, 84-87, 92-99 (passim), 105-109,

113, 115, 147-149, 151-154, 173, 175

exposure-age-duration, 8, 11, 12, 14, 15, 18,
25-26, 80-87,

92-99 (passim), 105, 106-109, 113, 147-
149, 151-154, 174, 175

first exposure, age at, 134, 136, 138, 139,
140, 165, 254, 255, 256-275, (passim),
280, 282, 284, 285-286, 290, 292,
315, 317, 319, 322, 325

gender factors and, 12, 232, 233
inverse dose rate effect, 60, 61
lifetime relative risk, 110-112, 134-135, 167,

171
relative risk/excess relative risk, 8, 25, 81,

84, 87, 88, 90, 93, 110, 114, 134-135,
136, 138, 147, 151-154, 164-165, 280,
284

smoking, 95-96, 143, 226, 232, 233-234,
238, 239, 240, 371

see also Children; Infants
Airways and airway diseases, 47, 50, 205,

208
American Cancer Society, 238, 239
Animal studies, 5, 22, 27, 37

diesel fumes as carcinogen, 351-354
extrapolation to human effects, 63, 243
genetic susceptibility, 38, 42, 43-44, 68,

200-201
mycotoxins as carcinogens, 355
nonmalignant respiratory diseases, 117



Copyright © National Academy of Sciences. All rights reserved.

Health Effects of Exposure to Radon: BEIR VI
http://www.nap.edu/catalog/5499.html

488 INDEX

silica as carcinogen, 347
smoking-radon synergism, 7, 22, 62-63, 225,

242-243
Apoptosis, 34, 45, 46, 134
Arsenic, 31, 32, 102, 114, 162, 254, 274, 289,

292, 335, 340, 344, 345-346
Asbestos, 25, 208, 262, 352, 369, 408
Atomic-bomb survivors, 7, 25, 27, 41, 63, 70,

72, 90, 135, 249, 251
Australia, Radium Hill, 7, 8, 122, 129, 138,

151, 255, 261, 268, 271, 286, 325,
326

see also Multi-country data and analyses
Australian Radiation Laboratory, 186

B

Background exposure, 8, 10, 11, 92, 121, 136,
166, 236, 256, 361, 411

Basal cells, 36, 47, 48, 52, 57, 60, 118, 203,
259

Basements, houses with, 190, 357, 358, 363,
380, 381, 382, 386, 387, 399, 400,
401, 413, 415

BEIR III report, 74, 133-134
BEIR IV report, 4, 5, 8, 23, 25, 62, 117-118,

120, 121, 124, 127, 133, 137, 138,
254, 255, 311, 315, 329, 379

BEIR VI model compared to, 8, 10, 11, 35,
69, 74, 76, 82, 91-95, 97, 110-113,
115, 136, 137, 251-252, 280, 281,
284, 285, 291, 332

smoking-radon synergism, 10, 94-95, 225,
231, 241-242, 251-252, 245, 250

BEIR V report, 158
Bias, see Uncertainty
Biologic processes, general

biologically-motivated models, 7, 27, 63-66,
70-71, 72, 140-143

exposure rate and carcinogenesis, 46, 49,
50, 58-62, 63, 66, 67, 142

two-stage clonal expansion, 27, 70, 71,
140, 141-143, 261

breathing rate, 176, 203, 204, 205, 210, 219,
220, 223

lung cancer, 20-35 (passim), 36, 49-56
relative biological effectiveness, 25, 54, 55,

63-64, 118, 199
see also Animal studies; Carcinogenesis and

carcinogens; Cells and cellular
processes; Molecular processes

Bladder cancer, 40, 123, 345, 395
Blasting fumes, 119, 194, 333-334, 337, 338,

342, 344
Blood

doses to cells, 118, 199
leukemias, 18, 38, 117, 119-127 (passim),

223
Bone and skeletal system

leukemias, 18, 38, 117, 119-127 (passim),
223

marrow, 118, 119, 124, 126
surfaces, 118

Breasts
cancer, 40, 42, 118, 127, 165, 249, 250, 360
doses to, 118

Breathing rate, 176, 203, 204, 205, 210, 219,
220, 223

Bronchi, 35, 37, 46, 47, 48, 52, 91, 118, 203,
207, 208, 209, 213, 236, 339, 347,
348-349, 395

Brownian diffusion, 203, 204, 205
Buccal cavity cancer, 121
Building materials, 22, 28, 127, 130, 177, 358,

380-382
Bureau of Mines, 311-313, 316, 334, 335

C

Canada
indoor studies, 398-401, 409-411, 412, 413,

415
miner cohorts, 8, 110, 121, 130, 136, 162,

222, 245, 254, 261-262, 263-267, 280,
286, 289, 283, 300-301, 315-322, 335,
337, 340-341, 348

see also Multi-country data and analyses
Carcinogenesis and carcinogens, general, 18,

36-68, 226
biologically-motivated risk assessment, 7,

27, 64, 70-71, 72, 140-143, 261
exposure, general, 46, 49, 50, 58-62, 63, 66,

67, 142
genetic susceptibility, 5, 10, 33, 37, 38-39,

41-44, 54, 64, 66, 68, 105
animal studies, 38, 42, 43-44, 68, 200-

201
oncogenes, 33, 37, 38-39, 64, 66

monoclonal origin of cancer, 6, 37, 67, 88,
141

mycotoxins, 354-355
oncogenes, 33, 37, 38-39, 64, 66



Copyright © National Academy of Sciences. All rights reserved.

Health Effects of Exposure to Radon: BEIR VI
http://www.nap.edu/catalog/5499.html

INDEX 489

other than radon, 5, 22, 28, 31, 32-33, 102,
114, 162, 344-355; see also specific
substances

signatures, 7, 33-34, 68, 250-251
see also Animal studies; Cells and cellular

processes; Molecular processes; Risk
assessments; Smoking; other specific
carcinogens and carcinomas

Case-control studies, 5, 30, 73, 317-318, 356-
357, 379-422, 427-428

BEIR VI models, methodology, 7, 28, 72,
78, 84, 85, 88, 114, 130, 250, 266

cohort studies, nesting of case-control
studies, 78, 130, 250, 266

congenital abnormalities, 127, 128
diesel fumes as carcinogen, 354
direct measurement studies, 384-411
in progress, 411, 412
methodology, 7, 28, 72, 78, 84, 85, 88, 114
sampling issues, 426-427
simulation studies, 425-426
smoking synergism, 244-245, 250, 300-301
surrogate measurements, 244, 356, 361, 380-

384, 413
uncertainties, 7, 30, 128, 159, 379-380, 384,

422, 423, 425-426
Cells and cellular processes, 5, 22, 28, 31, 34-

35, 37, 44-60, 65-68, 88, 143, 199-200
apoptosis, 34, 45, 46, 134
basal cells, 36, 47, 48, 52, 57, 60, 118, 203,

259
biologically-motivated risk assessment, 7,

27, 64, 70-71, 72, 140-143
two-stage clonal expansion, 27, 70, 71,

140, 141-143, 261
cycle-cell effects, 44-45
diesel fumes as carcinogen, 349, 351, 353
genomic factors, 6, 18, 40-41
in vitro studies, 6, 37, 39, 47, 57, 63-64, 67-

68, 124
in vivo studies, 6, 47, 63-64, 67, 200, 241-

243
monoclonal origin of cancer, 6, 37, 67, 88,

141
repair, 6, 30, 33, 34, 37, 44, 47, 50, 53, 60,

65, 66, 68, 134
proliferation, 45-46, 60, 64, 66, 68, 142, 143,

200, 245
secretory cells, bronchial, 35, 47, 48, 52,

118, 208
secretory cells, tracheal, 47-48

stem cells, 48, 134, 141
target cells, 34, 35, 41, 48-49, 57
see also Epithelial cells

Children, 3, 9, 10, 41, 89, 91, 104, 119, 126,
137, 210, 212, 213, 254, 256, 286

infants, 210, 212, 213, 214
schools, 359

China
indoor studies, 389-391, 412, 413, 414, 416
miner cohort, 8, 77-78, 122, 130, 162, 222,

245, 247, 248, 254, 256-257, 286,
289, 295, 326, 331-332, 335, 355

see also Multi-country data and analyses
Chromosomes, 124, 126

dose-response relationship, 54-55, 66, 199
genomic instability, 41
suppressor genes, 39-40

Cigarettes, see Smoking
Clastogenic factors, 49, 200
Cohort studies, general, 141, 238

atomic-bomb survivors, 7, 25, 27, 41, 63, 70,
72, 90, 135, 249, 251

case-control data, nesting, 78, 130, 250, 266
methodological issues, 28, 71, 73, 79-80, 92,

122, 129, 144, 145, 147, 149, 152,
227-228, 254-275 (passim)

smokers, 227-228, 238-239, 249-251
see also Miner studies; Multi-country data

and analyses; Pooled analyses;
specific countries

Colonic cancer, 41, 42, 162
Colorado Plateau, miner cohort, 7, 76, 77, 78,

83, 110, 120, 130, 131, 132, 136, 137,
141, 142, 152, 194, 245, 247, 248,
259-261, 271, 283, 288-289, 292-293,
295, 299, 300, 306-314, 315, 338-339,
343

see also Multi-country data and analyses
Commission of the European Communities, 116
Committee on the Biological Effects of

Ionizing Radiation, see BEIR IV
report

Compagnie General des Matieres Nucleaires,
62, 242

Constant relative risk models, 3, 13
uncertainty, 17, 18-19, 109

Construction materials, see Building materials
Copper mining and smelting, 261, 342, 346
Czech Republic, miner cohort, 7-8, 78, 121,

130, 136, 162, 256, 258-259, 283,
286, 288-289, 300, 322-324, 342, 355

see also Multi-country data and analyses



Copyright © National Academy of Sciences. All rights reserved.

Health Effects of Exposure to Radon: BEIR VI
http://www.nap.edu/catalog/5499.html

490 INDEX

D

Decay, radioactive, general, 1, 4, 20-22, 177-
180, 196, 210, 211, 222-223

Demographic factors, general, 16, 79, 361, 366-
369, 374, 397, 400, 403

uncertainty, 16, 100, 101, 157, 158, 167
see also Age factors; Gender factors; Vital

statistics
Department of Defense, 311
Department of Energy, 116
Descriptive models, see Empirical risk models
Diesel fumes and exhaust, 22, 32, 102, 119,

162, 274, 311, 334, 337, 342, 343,
344, 349-354, 355

cellular processes, 349, 351, 353
smoking synergies, 350, 352-354

Diffusional factors, see Brownian diffusion
Diseases and disorders, not lung cancer, 18,

117-128
airways and airway diseases, 47, 50, 205,

208
malignancies, 117, 119, 120-127, 165, 347-

349; see specific types of cancers
bladder cancer, 40, 123, 345, 395
breast, 40, 42, 127, 165, 249, 250, 360
bronchial, 37, 39, 46, 47, 347
indoor studies, 119, 124, 125, 126, 127,

360
leukemias, 18, 38, 117, 119-127

(passim), 223
liver, 121, 122, 127
lymphomas, 123, 124, 126, 250
pancreatic cancer, 122, 123, 223, 395
pooled analyses, 94, 122, 127-128
retinoblastomas, 40, 41

reproductive outcomes, 117-118, 127
respiratory, nonmalignant, 117, 119-120,

233; see also Fibrosis/fibroblasts;
Silica and silicosis; Tuberculosis

see also specific diseases
DNA, 1, 33, 34, 40, 44, 50, 168

apoptosis, 34, 45, 46, 134
mycotoxins, 354-355
transfection, 38-39, 47

Dose and dosimetry, 5, 7, 25, 27, 50, 63-64, 70,
72-73, 88, 120, 135, 202-203, 293

atomic-bomb survivors, 7, 25, 27, 41, 63, 70,
72, 90, 135, 249, 251

biodosimetry, 198-202
blood cells, 118, 199
breasts, 118

comparative, 176-223
general, 9, 24, 50
K factor, 9, 10, 88, 91, 105-109, 144,

157, 165-166, 170-172, 175, 177, 210-
219, 223, 284, 417

cycle-cell effects, 44-45
described, 26-27, 70, 196-219
marrow, 126
gender factors in comparative dosimetry,

201, 210, 212, 213
organs other than lungs, 118-119
relative biological effectiveness, 25, 54, 55,

63-64, 118, 199
smoking synergism, 249, 252
target cells, 34, 35, 37
uncertainty, 16, 17, 27, 70, 73, 165-166, 177,

222-223
see Exposure

Dose-effect (dose-response) models, 6, 16, 18,
22, 199-200, 225, 226

carcinogenesis, general, 37-38, 44
chromosomes, 54-55
indoor measurement techniques, 130, 133,

180-189, 359
larynx cancer, 121
low doses of high-LET, 37, 65-67
linear model/relationship, 2, 5, 9, 66, 88,

293, 376
nonthreshold, 9, 34, 66, 99, 378, 374

linear-quadratic model/relationship, 133
miner studies, 2, 22, 114, 251, 255, 293,

296, 297, 324-325, 340
respiratory cells at risk, 46-48, 50
silica, 348
see also Inverse dose/exposure rate effect

Dust, 1, 22, 143, 274, 292, 327, 337, 343-343
see also Blasting fumes; Silica and silicosis

E

Ecologic studies, 356, 359-379, 411
classification of, 360
diseases other than lung cancer, 18, 124,

125, 126-127
gender factors, 361, 366-369, 372, 373
methodology, 359-361, 362-373, 374-379,

411
smoking, 357, 361, 366-371, 373, 376-379

Empirical risk models, general, 72, 133
BEIR approach, 5-6, 7, 27, 71-72, 74, 75



Copyright © National Academy of Sciences. All rights reserved.

Health Effects of Exposure to Radon: BEIR VI
http://www.nap.edu/catalog/5499.html

INDEX 491

biologically-based models and, 7, 27, 64, 70-
71, 72, 140-143, 261

Environmental Protection Agency, vii-viii
National Residential Radon Survey, 11, 106,

115, 357-358
National Schools Radon Survey, 359
presence of indoor radon, 28, 190, 357, 359,

361
risk management, 29, 31

action levels, 3, 13, 24, 19, 31, 94, 356,
357

smoking synergism, 252
EPICURE program, 138, 147, 148
Epithelial cells, 6, 22, 41, 89, 199, 201, 209,

351
bronchial, 35, 47, 50, 57, 60, 63, 66, 118,

208, 209
tracheal, 47-48
secretory, 35, 47-48, 52, 118, 208

Equations
absolute risk, 226-227
airborne potential alpha energy

concentration, 179
dosimetric factors, 177
exposure, 110, 142, 177, 178, 298
lung cancer mortality/rate, 74
population attributable risk (AR), 169-171,

229-231
random-effects, 145, 146-147, 148
relative risk, 8, 75, 81, 137, 139-140, 144,

148, 168, 227, 298, 416-417
excess relative risk, 134, 135

synergistic/multiplicative risk, 169, 227,
228-229, 230-231

uncertainty, 105
Errors of measurement, 16, 168, 229, 424

case-control studies, exposure, 7, 30, 128,
159, 379, 422, 425-429

dosimetry, 166, 424, 427, 429
ecologic studies, 374-379
exposure, general, 13, 28, 162, 429
individual risk, 106
miner studies,

exposure, 16, 17, 80, 81, 100, 101-102,
103, 114, 115, 160-162, 290, 291-293,
295-305, 307-343

vital status data, 16, 100, 101, 133, 159-
160

surrogate measurements, 380, 384, 413
see also Sampling; Uncertainty

European Commission, see Commission of the
European Communities

Excess relative risk, 7, 8, 25-26, 74, 75, 81, 84,
85, 88, 93, 95-96, 114, 129, 134, 136,
139, 147-155, 245, 250, 252

age factors, 8, 90, 114, 136, 151-154, 164-
165, 280

BEIR VI models, 74, 81, 84, 85, 88, 93, 95-
96, 114, 147-155, 283

equations, 134, 135
exposure, 8, 91, 96, 114, 139, 152, 154, 280,

281, 282, 286, 289, 300-303, 346
Exposure

background exposure, 8, 10, 11, 92, 121,
136, 166, 236, 253, 361, 411

BEIR VI models, 8, 11, 16-17, 33, 74-84,
95-96, 110-113, 275-290 (passim)

cell proliferation and, 46
congenital abnormalities, 127
cumulative, 14, 16, 32, 34, 58, 60, 70, 71,

74, 75, 76, 82, 100, 103, 114, 123,
126, 129, 134, 135, 136, 138, 140-
141, 143, 144, 148, 163, 170, 257-269
(passim), 271-272, 280, 283, 284-285,
302, 303

smoking and, 243, 247, 248
defined, 76
diseases other than lung cancer, 18, 124, 126
dose relations, 9, 16, 20, 22, 28, 30, 71, 91,

100, 157, 176, 177-180, 202, 225
equations, 110, 142, 177, 178, 298
exposure distribution model, 9, 11, 19, 32,

35, 91, 93, 100, 101, 169, 190, 202,
230-231, 270, 281, 317, 422

uncertainty, 16, 100, 101, 105-106, 158
exposure rate, 9-10, 16, 28, 30, 81, 82, 110,

149, 287-289, 298, 303, 376
carcinogenesis and, biologic models, 46,

49, 50, 58-62, 63, 66, 67, 142
extrapolation from high to low, general,

6, 32, 67, 88, 103, 161-162, 284
inverse dose/exposure rate effect, 7, 9-

10, 33, 58-62, 66, 67, 74, 84, 143,
274, 288, 305

low-level and risk, 2, 5, 6, 9-10, 19, 26,
27, 28, 31-32, 58-62, 67, 76, 88, 116,
284

miner studies described, 255, 256, 257-
273 (passim)

relative risk models, 84, 144, 236, 280,
283



Copyright © National Academy of Sciences. All rights reserved.

Health Effects of Exposure to Radon: BEIR VI
http://www.nap.edu/catalog/5499.html

492 INDEX

excess, 8, 91, 96, 114, 139, 152, 154,
280, 281, 282, 289, 301
lifetime, 11, 92, 110

uncertainties, 16, 31, 100, 102, 103, 161,
162

exposure-response models, general, 16, 18,
22, 34, 37, 44, 71, 74-76, 80-81, 88,
91, 103, 133, 136, 137, 139, 140, 142,
149, 157, 159, 163-165, 292, 293,
296-299, 305, 332

first exposure, age at, 134, 136, 138, 139,
140, 165, 254, 255, 256-275, (passim),
280, 282, 284, 285-286, 290, 292,
315, 317, 319, 322, 325

indoor atmospheres, 2, 27-28, 124, 126, 130,
244-245, 356-429

linear models, 9, 32, 66, 74, 75, 84, 88, 99,
133, 136, 292, 293, 303, 376

nonthreshold, 6, 9, 32, 34-35, 66, 99,
116, 374, 378

miner studies, 1-2, 30, 74, 79, 100, 101-102,
120, 130, 191-196, 220, 222-223, 255-
290 (passim), 291-355, 376

non-radon carcinogens, viii, 5, 22, 28, 31,
32-33, 102, 114, 162, 274-275, 344-
355; see also specific substances

quadratic dose models, 54, 66, 133
relative risk models, 84, 144, 236, 280, 283,

284, 298, 301-302, 303, 380
excess, 8, 91, 96, 114, 139, 152, 154,

280, 281, 282, 286, 289, 300-303, 346
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358, 380-382
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standards, action levels, 31, 358
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346-347
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Protection, 25, 63, 75, 135, 137, 203,
207, 210, 212, 219, 220, 252, 358

Iron miners, see Sweden, miner cohort
Israel, 408-409, 414
Inverse dose/exposure rate effect, 7, 9-10, 33,

58-62, 66, 67, 74, 84, 143, 274, 288,
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age factors, 60, 61
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in vitro studies, 6, 37, 39, 47, 57, 63-64, 67-
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see also Animal studies
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Larynx, 121, 205, 354
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age at first exposure, 285
atomic-bomb survivors, 7, 25, 27, 41, 63, 70,
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indoor measurements, 130, 133, 180-189,

384-411 (passim), 424
surrogate, 356, 361, 380-384, 413

miner studies, 292, 296, 336-337, 340
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surrogate measurements, 244, 292, 296, 356,
361, 380-384, 413
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Error of measurement; Morphometry;
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Meta-analyses, see Pooled analyses
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355
BEIR VI risk assessment models, 7-8, 28, 76-
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79-84, 92, 122,
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excess relative risk, 110, 129, 134, 135, 136,
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gender factors, 382-394 (passim)
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306-355 (passim)

home exposure to radon, miners, 166
inverse dose rate effect, 58, 60, 61, 66-67,
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smoking, 2, 18, 30, 47, 79, 90-91, 103, 104,

114, 141, 142, 144, 150-154, 225,
243, 245-248, 274-275, 250-251, 254-
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alpha particle damage, signatures, 7, 33-34,
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Multi-country data and analyses, 77, 83, 102,
131-132, 148, 152-156, 245-248, 271-
290, 414

see also Pooled analyses
Mycotoxins, 354-355

N

National Cancer Institute, 138-140, 255, 256,
275, 280-283, 284, 288-290

National Council on Radiation Protection and
Measurements, 25, 54, 74, 134-135,
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uncertainty, 105-109, 173, 175
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non-radon carcinogens, 102, 289; see
also “smoking” infra
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6-7, 9-10, 57, 91, 128, 176-223, 283
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synergistic effects,
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31, 32-33, 102, 114, 162, 344-355

smoking, 2-3, 7, 10, 22, 24, 33, 62, 71,
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see also Case-control studies; Ecologic
studies; Empirical risk models; Excess
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Risk management, 19, 22, 24, 28-29, 97-100,
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see also Action levels; Standards;

Ventilation

S

Salivary gland cancer, 121, 127
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250-251, 373, 386, 390, 392, 396,
398, 399, 405, 407, 415
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95-98, 104, 115, 135, 152, 155, 156,
157, 159, 165, 225, 226, 228, 239-
241, 252, 281, 283, 381, 394, 405,
415

gender factors, 3, 12, 87, 90, 97, 164, 215,
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355, 386, 390, 392, 396, 398, 399,
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Stochastic processes, 168
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carcinogenesis, 140
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Surgeon General, 225
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416
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Temporal factors, see Time factors
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non-malignant lung disease, 120
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see also China, miner cohort
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Tuberculosis, 120, 233
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380, 384, 422, 423, 425-426
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demographic factors, general, 16, 100, 101,

157, 158, 167
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individual-level risks, 101, 105, 154, 161,
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304, 357, 424
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synergistic effects, 10, 154, 156, 162,
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gender factors,
non-tobacco substances, other, 104
smoking, 3, 12, 87, 90, 97, 164, 215,
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non-tobacco substances, viii, 5, 22, 28,
31, 32-33, 102, 344-355
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Uranium, general, 1, 4, 56, 47, 77, 127, 130,

131, 132, 141-143, 177, 289, 293,
296, 300-301, 311, 335, 358

mycotoxins, 354-355
non-malignant respiratory diseases, 18, 117,

120
see various cohorts (e.g., Australia, Canada,

Colorado Plateau, etc.)

Uranium Frenzy, 341
Urban areas, 361, 366-369, 391-394, 397-401

V

Vanadium, 194, 306, 308, 333, 334, 342, 343
Ventilation

indoor, 359, 385, 393
mines, 180, 194, 219, 273, 292, 294, 305,

308, 311, 312, 314-317 (passim), 320-
342 (passim)

Vital statistics, 231-236, 280, 359
population attributable risk using, 13
uncertainty and, 16, 133, 159-160

Vitamins, 385, 393
Volcanic areas, 363, 372

W

Water
arsenic-containing, 345
radon-containing, 28, 198, 293, 328, 329,

357, 358, 361, 362, 364, 366
Women, see Gender factors

X

Xeroderma pigmentosum, 42
X radiation, 35, 37, 49, 54-55, 196
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